Thoracic cardiovascular CT angiography in dogs : procedure, anatomical and functional assessment and impact of anesthetic protocol by Drees, Randi
	  
	  
	  	  	  	   	  	  
Thoracic	  cardiovascular	  CT	  angiography	  
in	  dogs	  
Procedure,	  anatomical	  and	  functional	  assessment	  and	  
impact	  of	  anesthetic	  protocol	  	  
RANDI	  DREES	  	  Thesis	  submitted	  in	  fulfilment	  of	  the	  requirements	  for	  the	  degree	  of	  	  Doctor	  in	  Veterinary	  Science	  (PhD),	  Faculty	  of	  Veterinary	  Medicine,	  Ghent	  University	  	  	  2015	  
	  






	   	  
	  4	  
	  






Funding	  sources:	  	  
The	   project	   was	   supported	   by	   the	   Clinical	   and	   Translational	   Science	   Award	   (CTSA)	  
program,	  previously	  through	  the	  National	  Center	  for	  Research	  Resources	  (NCRR)	  grant	  
1UL1RR025011,	   and	   now	   by	   the	   NIH	   National	   Center	   for	   Advancing	   Translational	  
Sciences	  (NCATS),	  grant	  9U54TR000021	  and	  Dr.	   Johnson	  was	  supported	  by	  the	  Clinical	  
and	  Translational	  Science	  Award	  (CTSA)	  program,	  through	  the	  NIH	  National	  Center	  for	  
Advancing	  Translational	  Sciences	  (NCATS),	  grant	  UL1TR000427.	  
	  
	  
Table	  of	  contents	  
5	  
	  
TABLE OF CONTENTS 
	  
 TABLE	  OF	  CONTENTS	  ....................................................................................................	  5	  LIST	  OF	  ABBREVIATIONS	  ............................................................................................	  9	  CHAPTER	  1	  .......................................................................................................................	  13	  
Computed	  Tomographic	  Angiography	  (CTA)	  of	  The	  Thoracic	  Cardiovascular	  System	  In	  Companion	  Animals	  ...........................................	  13	  Summary	  .......................................................................................................................	  14	  Introduction	  ................................................................................................................	  15	  General	  considerations	  regarding	  CT	  units	  in	  cardiovascular	  imaging	  ...........................................................................................................................................	  17	  ECG-­‐gated	  image	  acquisition	  in	  cardiac	  CT	  ..............................................	  21	  Image	  Contrast	  ......................................................................................................	  23	  Contrast	  medium	  administration	  ......................................................................	  25	  Methodology	  for	  angiographic	  applications	  .............................................	  25	  Factors	  affecting	  contrast	  enhancement	  ....................................................	  26	  Calculation	  of	  the	  arrival	  time	  of	  the	  bolus	  in	  the	  vascular	  bed	  ......	  32	  Digital	  imaging	  software	  ...................................................................................	  35	  Clinical	  considerations	  in	  thoracic	  MDCTA	  protocols	  in	  companion	  animals	  .....................................................................................................................	  35	  References	  ....................................................................................................................	  47	  CHAPTER	  2	  .......................................................................................................................	  61	  Scientific	  aims	  .............................................................................................................	  61	  CHAPTER	  3	  .......................................................................................................................	  65	  Pulmonary	  angiography	  with	  64	  Multidetector	  Row	  Computed	  Tomography	  in	  Normal	  Dogs	  ...............................................................................	  65	  
Table	  of	  contents	  
6	  
	  
Summary	  .......................................................................................................................	  66	  Introduction	  ................................................................................................................	  67	  Material	  and	  methods:	  ............................................................................................	  68	  Results	  ...........................................................................................................................	  72	  Discussion	  ....................................................................................................................	  79	  References	  ....................................................................................................................	  84	  CHAPTER	  4	  .......................................................................................................................	  89	  64-­‐Multi-­‐Detector	  Computed	  Tomographic	  Angiography	  of	  the	  Canine	  Coronary	  Arteries	  ......................................................................................	  89	  Summary	  .......................................................................................................................	  90	  Introduction	  ................................................................................................................	  91	  Material	  and	  methods	  .............................................................................................	  93	  Results	  ...........................................................................................................................	  98	  Discussion	  .................................................................................................................	  110	  References:	  ...............................................................................................................	  116	  CHAPTER	  5	  ....................................................................................................................	  121	  Effect	  of	  two	  different	  anesthetic	  protocols	  on	  64-­‐MDCT	  coronary	  angiography	  in	  dogs	  ..............................................................................................	  121	  Summary	  ....................................................................................................................	  122	  Introduction	  .............................................................................................................	  124	  Material	  and	  methods	  ..........................................................................................	  126	  Results	  ........................................................................................................................	  132	  Discussion	  .................................................................................................................	  141	  References	  .................................................................................................................	  149	  CHAPTER	  6	  ....................................................................................................................	  155	  Quantitative	  planar	  and	  volumetric	  cardiac	  measurements	  using	  64	  MDCT	  and	  3T	  MRI	  versus	  standard	  2D	  and	  M-­‐mode	  echocardiography:	  Does	  anesthetic	  protocol	  matter?	  ...........................	  155	  Summary	  ....................................................................................................................	  156	  
Table	  of	  contents	  
7	  
	  





List	  of	  abbreviations	   	  
8	  
	  
	    
List	  of	  abbreviations	   	  
9	  
	  
LIST OF ABBREVIATIONS 	  ALARA	  	   as	  low	  as	  reasonable	  achievable	  Ao	  	   	   aorta	  AoDiam	   aortic	  diameter	  AV	  	   	   right	  azygos	  vein	  bpm	  	   	   beats	  per	  minutes	  B-­‐Mode	   brightness	  mode	  BT	   	   brachiocephalic	  trunk	  BW	  	   	   bandwidth	  C	  	   	   carina	  CT	  	   	   computed	  tomography	  CTA	  	   	   computed	  tomographic	  angiography	  	  CrVC	  	   	   cranial	  vena	  cava	  CVC	  	   	   caudal	  vena	  cava	  dAO	  	   	   descending	  aorta	  dFOV	  	   	   display	  field	  of	  view	  E	  	   	   esophagus	  ECG	  	   	   electrocardiogram	  EDV	   	   end	  diastolic	  volume	  EF	   	   ejection	  fraction	  epiEDV	   epicardial	  end	  diastolic	  left	  ventricular	  volume	  epiESV	   epicardial	  end	  systolic	  left	  ventricular	  volume	  ESV	   	   end	  systolic	  volume	  ETL	   	   echo	  train	  length	  ECG	  	   	   electrocardiogram	  FOV	  	   	   field	  of	  view	  FS	  	   	   fractional	  shortening	  h	   	   hour	  HU	  	   	   Hounsfield	  Units	  i.v.	  or	  IV	   intravenous	  IVS	  	   	   interventricular	  septum	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IVSd	   	   diastolic	  interventricular	  septal	  thickness	  	  IVSs	   	   systolic	  interventricular	  septal	  thickness	  kVP	  	   	   kilovolt	  peak	  L	   	   left	  LA	  	   	   left	  atrium	  LADiam	   left	  atrial	  diameter	  Lau	  	   	   left	  auricle	  lb/in2	  	  	   pounds	  per	  square	  inch	  LIVP	  	   left	  interventricular	  paraconal	  branch	  of	  the	  left	  coronary	  	  	  	  	  	  artery	  LcdPV	  	  	   left	  caudal	  pulmonary	  vein	  LCA	  	   	   left	  coronary	  artery	  LCX	  	   	   left	  circumflex	  coronary	  artery	  branch	  LLOA	   	   lower	  level	  of	  agreement	  LPA	  	  	   	   left	  pulmonary	  artery	  LS	  	   left	  subclavian	  artery;	  or	  septal	  branch	  of	  the	  left	  coronary	  artery	  LV	  	   	   left	  ventricle	  LVEDV	   left	  ventricular	  end	  diastolic	  volume	  LVEF	   	   left	  ventricular	  ejection	  fraction	  	  LVESV	  	   left	  ventricular	  end	  systolic	  volume	  LVIDd	  	   diastolic	  left	  ventricular	  internal	  diameter	  	  LVIDs	   	   systolic	  left	  ventricular	  internal	  diameter	  	  LVM	   	   left	  ventricular	  mass	  LVmassD	   left	  ventricular	  end	  diastolic	  mass	  LVmassS	   left	  ventricular	  end	  systolic	  mass	  LVPWd	   diastolic	  left	  ventricular	  posterior	  wall	  thickness	  LVPWs	   systolic	  left	  ventricular	  posterior	  wall	  thickness	  LVSV	   	   left	  ventricular	  stroke	  volume	  mA	  	   	   milliampere	  mm	   	   millimeter	  M-­‐Mode	   motion-­‐mode	  MDCT	  	  	   multidetector-­‐row	  computed	  tomography	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MDCTA	  	   multidetector-­‐row	  computed	  tomographic	  angiography	  mgI	  	   	   milligram	  iodine	  mi	  	   	   minute	  MIP	  	   	   maximum	  intensity	  reconstruciton	  ml	  	   	   milliliter	  MPA	  	   	   main	  pulmonary	  artery	  MPR	  	   	   multiplanar	  reconstruction	  NEX	   	   number	  of	  excitations	  PA	  	   	   pulmonary	  artery	  PADIAM	   pulmonary	  artery	  diameter	  PSI	  	   	   pounds	  per	  square	  inch	  PV	  	   	   pulmonary	  vein	  R	  	   	   right	  	  RA	  	   	   right	  atrium	  ROI	  	   	   region	  of	  interest	  ROIs	   	   regions	  of	  interest	  RPA	   	   right	  pulmonary	  artery	  RV	  	   	   right	  ventricle	  RVEF	   	   right	  ventricular	  ejection	  fraction	  RVEDV	   right	  ventricular	  end	  diastolic	  volume	  RVESV	  	   right	  ventricular	  end	  systolic	  volume	  RVSV	   	   right	  ventricular	  stroke	  volume	  RVOT	  	  	   right	  ventricular	  outflow	  tract	  s	  	   	   second	  SD	  	   	   standard	  deviation	  SD-­‐CTA	  	   single	  detector	  computed	  tomographic	  angiography	  sFOV	  	   	   scan	  field	  of	  view	  SSFP	   	   steady	  state	  free	  precision	  SV	   	   stroke	  volume	  Tarr	  	   	   time	  to	  arrival	  TE	   	   time	  to	  echo	  Tpeak	  	  	   time	  to	  peak	  TR	   	   time	  to	  repetition	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ULOA	   	   upper	  level	  of	  agreement	  RCa	  	   	   right	  coronary	  artery	  RcdPV	  	   right	  caudal	  pulmonary	  vein	  RPA	  	   	   right	  pulmonary	  artery	  RV	  	   	   right	  ventricle	  RVEDV	   right	  ventricular	  end	  diastolic	  volume	  RVESV	  	   right	  ventricular	  end	  systolic	  volume	  VPS	   	   views	  per	  second	  2D	   	   two	  dimensional	  3D	   	   three	  dimensional 
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Summary	  	  Computed	   tomographic	   angiography	   (CTA)	   of	   the	   thoracic	  cardiovascular	   system	   is	   offering	   new	   diagnostic	   opportunities	   in	  companion	   animal	   patients	   with	   the	   increasing	   availability	   of	  multidetector-­‐row	   computed	   tomographic	   (MDCT)	   units	   in	   veterinary	  facilities.	   Optimal	   investigation	   of	   the	   systemic,	   pulmonary	   and	  coronary	   circulation	   provides	   unique	   challenges	   due	   to	   the	   constant	  movement	   of	   the	   heart,	   the	   small	   size	   of	   several	   of	   the	   structures	   of	  interest	  and	  the	  dependence	  of	  angiographic	  quality	  on	  various	  contrast	  bolus	   design	   and	   patient	   factors.	   Technical	   and	   practical	   aspects	   of	  thoracic	   cardiovascular	   CTA	   are	   reviewed	   in	   light	   of	   the	   currently	  available	   veterinary	   literature	   and	   future	  opportunities	   given	  utilizing	  MDCT	   in	   companion	   animal	   patients	   with	   suspected	   thoracic	  cardiovascular	  disease.	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Introduction	  	  Until	  recently,	  computed	  tomography	   	  (CT)	  applications	  for	  the	  thorax	  were	   mostly	   limited	   to	   morphologic	   evaluation	   of	   the	   chest	   wall,	  mediastinum,	   vessels	   and	   lung	   parenchyma	   for	   differentiating	   normal	  from	   pathological	   conditions	   in	   companion	   animals1-­‐9.	   With	   the	  increased	   availability	   of	  multi-­‐detector-­‐row	  CT	   (MDCT)	   scanners	  with	  up	   to	   320	   detector	   rows	   that	   allow	   image	   acquisition	   with	   high	  temporal	   and	   spatial	   resolution,	   the	   utilization	   of	   this	   modality	   will	  likely	   rise	   for	   evaluating	   the	   thoracic	   cardiovascular	   system	   in	  companion	   animals	   and	   has	   been	   used	   in	   initial	   case	   reports	   and	  studies10-­‐24.	  Thoracic	   cardiovascular	   structures	   of	   clinical	   interest	   in	   companion	  animals	   that	  may	   potentially	   benefit	   from	   the	   evaluation	   using	  MDCT	  are	  the	  heart	  including	  the	  coronary	  arteries,	  aorta,	  cranial	  and	  caudal	  vena	   cava	   and	   pulmonary	   arteries.	   Many	   of	   these	   structures	   are	  considerably	  smaller	  in	  the	  companion	  animal	  patient	  compared	  to	  the	  adult	  human	  patient	  and	  spatial	  resolution	  has	  to	  be	  optimized	  similar	  to	  pediatric	  conditions.11,	  12,	  25,	  26	  It	   remains	   to	   be	   proven	   which	   clinical	   diagnostic	   merits	   will	   be	  generated	  by	  the	  use	  of	  CT	  over	  traditional	  methods	  including	  standard	  radiographs,	   echocardiography,	   standard	   selective	   or	   nonselective	  angiography	  and	  scintigraphic	  techniques	  for	  cardiovascular	  imaging	  in	  companion	   animal	   patients,	   acknowledging	   that	   companion	   animal	  patients	   will	   likely	   have	   to	   be	   anesthetized	   or	   heavily	   sedated	   to	  undergo	   these	  CT	  exams.	   Sedation	  or	   anesthesia	  may	  potentially	   alter	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the	   physiologic	   pattern	   seen	   in	   currently	   used	   awake	   imaging	  techniques,	  specifically	  echocardiography.	  In	  addition,	  the	  normal	  heart	  rate	   of	   companion	   animals	   ranges	   between	   80-­‐120bpm,	   which	   is	  considerably	  higher	  than	  the	  adult	  human	  target	  heart	  rate	  of	  less	  than	  65bpm	  during	  image	  acquisition.	  This	  may	  pose	  similar	  challenges	  with	  regards	  to	  the	  temporal	  resolution	  as	  that	  seen	  in	  children25-­‐28.	  This	  manuscript	   aims	   to	   review	   the	   technical	   and	  practical	   challenges	  and	   opportunities	   encountered	   in	   cross-­‐sectional	   cardiovascular	  imaging	  using	  MDCT	  in	  companion	  animals.	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General	  considerations	  regarding	  CT	  units	  in	  
cardiovascular	  imaging	  	  
CT	  units	  and	  parameters	  of	  image	  acquisition	  	  	  Almost	  all	  modern	  CT	  units	  utilize	  the	  rotate-­‐rotate	  geometry	  that	  is	  the	  hallmark	  of	  3rd	  generation	  CT	  and	  which	  was	  enabled	  by	  introduction	  of	  the	   slip	   ring	   technology29,	   30.	   Third	   generation	   CT	   units	   consist	   of	   a	  rotating	  gantry	  on	  which	  an	  x-­‐ray	  source	  is	  mounted	  opposite	  to	  x-­‐ray	  detectors.	   As	   the	   patient	   is	  moved	   through	   the	   gantry	   on	   the	   patient	  table,	  a	  helical	  data	  set	   is	  acquired.	  This	  has	  allowed	   for	  generation	  of	  data	   sets	   with	   higher	   temporal	   and	   spatial	   resolution	   than	   the	   older	  generation	  CTs	  could	  deliver31.	  Addition	   of	   the	   multi-­‐detector-­‐row	   feature	   has	   furthered	   those	  advantages	  over	  single-­‐detector-­‐row	  CT	  units	  that	  still	  find	  application	  in	  veterinary	  medicine	  due	  to	  their	  relatively	  low	  cost	  in	  acquisition	  and	  maintenance32.	   For	   example,	   using	   a	   64-­‐MDCT	   unit	   with	   a	   detector	  width	   of	   0.625mm,	   images	   over	   40mm	   length	   of	   the	   patient	   will	   be	  acquired	  during	  one	  gantry	  rotation	  (0.625mm	  x	  64	  =	  40mm),	  where	  as	  on	  a	  16-­‐MDCT	  unit	  this	  would	  only	  be	  a	  length	  of	  10mm	  (0.625mmx	  16	  =	   10mm)29,	   33.	   Even	   though	   initial	   studies	   of	   cardiac	   MDCT	   were	  conducted	   using	   4	   detector-­‐row	   units,	   the	   current	   state	   of	   the	   art	   in	  human	  cardiopulmonary	  CTA	   is	  performed	  using	  64-­‐	   to	  320	  detector-­‐row	  units34-­‐37.	  The	   360°	   gantry	   (or	   tube)	   rotation	   time	   is	   approximating	   5	   rotations	  per	   second	   (0.2s	   rotation	   time)	   in	   modern	   MDCT	   units.	   Additionally	  newer	   reconstruction	   algorithms	   allow	   for	   generation	   of	   high	   quality	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images	  with	  a	  data	  set	  acquired	   from	   less	   than	  a	  360°	  gantry	  rotation	  (usually	  180°	  plus	   the	   fan	  angle),	   further	   increasing	   the	   speed	  of	  data	  acquisition29.	  A	  newer	  approach	  to	  increase	  the	  temporal	  resolution	  introduced	  dual	  source	  CT	  units38,	   39.	   In	   this	   configuration	   two	  x-­‐ray	   sources	  and	   their	  respective	   opposing	   detectors	   are	   mounted	   90°	   apart	   on	   the	   gantry.	  This	   can	   further	   half	   the	   degrees	   of	   gantry	   rotation	   or	   tube	   rotation	  time	  needed	   to	  acquire	  a	   similar	   amount	  of	  data	   compared	   to	  using	  a	  single	  source	  unit	  and	  may	  reduce	  the	  need	  for	  beta	  blockers	  to	  reduce	  the	   heart	   rate	   and	   allow	   for	   non-­‐gated	   acquisitions	   in	   cardiovascular	  application	  in	  people	  and	  companion	  animals.29,	  40,	  41	  	  In	   helical	   CT	   scanning,	   the	   “pitch”	   determines	   the	   speed	   at	  which	   the	  patient	   on	   the	   table	   will	   be	   moved	   through	   the	   rotating	   gantry.	   It	   is	  defined	  as	  patient	  table	  travel	  per	  complete	  gantry	  rotation	  and	  divided	  by	  the	  collimation	  of	  the	  x-­‐ray	  beam	  in	  the	  z-­‐axis.	   	  For	  multi-­‐detector-­‐row	   units	   pitch	   is	   calculated	   by	   multiplying	   the	   number	   of	   active	  channels	   by	   the	   width	   of	   the	   detector	   surface	   assigned	   to	   each	  channel29,	  31.	  This	  parameter	  is	  selected	  prior	  to	  the	  scan	  and	  for	  cardiac	  applications	   a	   higher	   heart	   rate	   necessitates	   a	   higher	   pitch	   to	   avoid	  motion	  artifact.29,	  37,	  42	  	  Helical	  acquisition	  commonly	  used	  retrospectively	  EKG	  gated	  exams	  in	  human	   patients	  with	   physiological	   high	   heart	   rates,	   such	   as	   pediatric	  patients,	   or	   patients	   with	   tachyarrhytmias	   and	   has	   been	   applied	   in	  dogs12,	   43;	   whereas	   axial	   acquisition	   used	   in	   prospectively	   EKG	   gated	  
Chapter	  1:	  General	  introduction	  
19	  
	  
exams	  has	  been	  shown	  to	  deliver	  accurate	  and	  comparable	  results	  at	  a	  much	  lower	  radiation	  dose	  in	  adult	  human	  patients	  with	  an	  upper	  limit	  heart	  rate	  of	  75bpm44.	  The	  use	  of	  ionizing	  radiation	  is	  a	  specific	  concern	  in	   human	   and	   especially	   pediatric	   computed	   tomography45	   and	   may	  need	  further	   investigation	  as	  these	  exams	  become	  more	  commonplace	  in	  companion	  animal	  patients,	  as	  the	  use	  of	  x-­‐rays	  is	  to	  be	  kept	  as	  low	  as	  possible	  (ALARA).	  	  The	   matrix	   size,	   detector	   geometry	   and	   spatial	   reconstruction	  algorithm	  determine	  spatial	  resolution29,	  33.	  The	   matrix	   is	   commonly	   set	   to	   512x512	   pixels	   inherently	   to	   the	  software.	   The	   scan	   field	   of	   view	   (sFOV)	   is	   usually	   defined	   to	   the	  maximum	  achievable	  by	  the	  length	  of	  the	  detector	  array	  along	  the	  x/y-­‐plane	  or	  fan	  angle	  to	  enable	  for	  retrospective	  reconstructions	  from	  the	  entire	   scan	   volume.	   Tight	   setting	   of	   the	   display	   field	   of	   view	   (dFOV)	  around	  the	  anatomy	  in	  question	  will	  increase	  the	  in-­‐plane	  resolution	  by	  minimizing	   the	   size	   of	   the	   individual	   pixels	   and	   reducing	   volume-­‐averaging	  artifact29,	  33.	  The	  external	   thoracic	  boundaries	  are	  commonly	  chosen	   for	  evaluation	  of	   the	   pulmonary	   arteries	   and	   a	   reduction	   of	   the	   dFOV	   to	   include	   the	  heart	   and	   proximal	   portion	   of	   the	   great	   vessels	   only	   for	   cardiac	  applications	   such	   as	   coronary	   artery	   evaluation	   will	   increase	   the	   in-­‐plane	  resolution	  for	  these	  small	  structures.	  	  In	  MDCT	  units,	  the	  lower	  limit	  of	  slice	  thickness	  depends	  on	  the	  height	  of	   the	   individual	   detector	   rows	   along	   the	   z-­‐axis,	   commonly	   ranging	  from	   0.5-­‐1.25mm,	   where	   binning	   of	   detectors	   in	   one	   channel	   can	   be	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used	   to	   vary	   slice	   thickness	   independent	   of	   detector	   height.	   Slice	  thickness	   determines	   the	   size	   of	   the	   voxel	   and	   hence	   the	   third	  dimension	  of	  the	  spatial	  resolution:	  the	  thinner	  the	  slice	  thickness,	  the	  higher	  the	  spatial	  resolution	  in	  the	  z-­‐direction29,	  31.	  Regardless	   of	   the	   CT	   unit	   used,	   trade	   off	   to	   the	   thin	   slice	   thickness	   is	  always	   increased	   image	  noise	  as	   less	  photons	   contribute	   to	   the	   image	  data	   composition	   compared	   to	   thicker	   slice	   thickness	  with	  unchanged	  mA	   settings.	   This	   may	   be	   balanced	   by	   increasing	   the	   tube	   output	  resulting	  in	  higher	  radiation	  dose	  to	  the	  patient29,	  46.	  The	  raw	  data	  collected	   in	   the	  detectors	  can	  be	  spatially	   reconstructed	  with	   different	   strategies.	   Filtered	   back-­‐projection,	   Fourier-­‐based	  reconstruction	   kernels	   or	   filters	   as	   well	   as	   iterative	   reconstruction	  techniques	   allow	   for	   increased	   spatial	   resolution	   compared	   to	  previously	   used	   simple	   back-­‐projection	   strategies.	   Newer	   iterative	  reconstruction	   algorithms	   can	   also	   be	   used	   to	   improve	   the	   signal	   to	  noise	   ratio	   from	   low	   dose	   protocols	   eliminating	   need	   for	   increased	  patient	   dose29,	   47.	   On	   standard	   units	   these	   techniques	   are	   usually	  inherent	  to	  the	  software	  installed	  by	  the	  manufacturer	  and	  may	  not	  be	  adjustable	  on	  the	  user	  surface.	  	  Magnetic	  resonance	  imaging	  is	  the	  alternative	  cross-­‐sectional	  modality	  to	   assess	   cardiac	   morphology	   and	   function.	   Different	   to	   CTA	   no	  radiation	   is	   used	   to	   generate	   the	   image	   but	   the	   patient	   is	   placed	   in	   a	  strong	   magnetic	   field	   (typically	   1.5-­‐3T)	   and	   protons	   inherent	   in	   the	  tissues	  and	   intravascular	   fluid	  are	  used	  to	  generate	   images	  referenced	  to	   the	  patients	  ECG.	  Different	   imaging	  sequences	  are	  used	   to	  highlight	  
Chapter	  1:	  General	  introduction	  
21	  
	  
different	   tissue	   or	   blood	   volume	   and	   flow	   characteristics	   with	   or	  without	   the	  use	  of	  MRI	   specific	   contrast	  media.	   Typical	   sequences	   for	  evaluation	  of	  the	  myocardium	  are	  balanced	  steady	  state	  free	  precession	  sequences	  that	  bear	  vendor	  specific	  names	  and	  are	  acquired	  in	  different	  planes	   aligned	   similar	   to	   the	   echocardiographic	   planes,	   capturing	  images	  of	  the	  heart	  throughout	  the	  cardiac	  cycle	  focusing	  on	  a	  specific	  section	  of	  the	  anatomy	  or	  including	  the	  entire	  heart.	  As	  different	  planes	  are	   acquired	   different	   to	   the	   single	   transverse	   acquisition	   in	   CTA	   the	  MRI	  typically	  takes	  longer	  then	  the	  CTA	  exam,	  total	  length	  of	  the	  exam	  depending	  on	  number	  of	  sequences	  used.	  Also,	  veterinary	  patients	  need	  to	  undergo	  general	  anesthesia	  to	  lay	  still	  on	  the	  table	  during	  the	  longer	  exam	  time	  and	  the	  noise	  generated	  by	  the	  MRI	  unit	  during	  the	  sequence	  acquisition,	  where	  as	  for	  CTA	  sedation	  can	  be	  possible.	  	  
ECG-­‐gated	  image	  acquisition	  in	  cardiac	  CT	  	  As	   the	   heart	   is	   constantly	  moving	   throughout	   the	   cardiac	   cycle,	   ECG-­‐gating	  techniques	  are	  required	  to	  link	  the	  image	  acquisition	  to	  a	  specific	  phase	  in	  the	  cardiac	  cycle.	  The	  ECG	  leads	  are	  placed	  on	  the	  companion	  animal	  patient’s	  footpads	  or	  chest	  and	  the	  CT	  unit	  registers	  the	  reading,	  usually	  the	  ECG	  trace	  is	  also	  displayed	  on	  the	  operator	  console.	  	  Two	   types	   of	   cardiac	   ECG	   gating	   are	   used:	   prospective	   and	  retrospective	  ECG	  gating29,	  31,	  48.	  In	  prospective	  ECG	  gating,	  image	  acquisition	  is	  only	  triggered	  during	  a	  certain	  phase	  of	  the	  cardiac	  cycle,	  commonly	  in	  the	  end	  diastolic	  phase	  where	  the	  heart	  is	  mostly	  motionless	  (Figure	  1).	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 Figure	  1:	  ECG-­‐gating	  strategies	  in	  cardiac	  CT:	  Using	  prospective	  gating	  (A)	  images	  are	  acquired	  over	   a	   predefined	   portion	   of	   one	   or	   more	   cardiac	   cycles,	   commonly	   end	   diastolic.	   Using	  retrospective	   gating	   (B)	   images	   are	   acquired	   over	   one	   or	   several	   full	   cardiac	   cycles	   and	   are	  retrospectively	  segmented	  into	  different	  phases	  of	  the	  cycle	  (commonly	  5-­‐10%	  intervals).	  	  This	  is	  favored	  for	  morphological	  evaluations	  as	  adequate	  image	  quality	  is	   provided	   at	   a	   lower	   radiation	   dose	   relative	   to	   retrospective	   ECG	  gating	  approaches44.	  The	  shortcoming	  of	  prospective	  gating	  is	  that	  not	  a	  full	  cycle	  dataset	  is	  acquired.	  In	  patients	  with	  an	  irregular	  heart	  rhythm	  prospective	   gating	  may	   lead	   to	   acquisition	   of	   an	   incomplete	   data	   set,	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that	   may	   necessitate	   repeating	   the	   scan	   and	   contrast	   injection31.	  Furthermore,	   in	  patients	  with	  higher	  heart	  rates,	   the	  optimal	  phase	  of	  the	  cardiac	  cycle	   to	   image	  the	  coronary	  arteries	  may	  not	  occur	  during	  diastole	   or	   may	   be	   different	   for	   different	   coronary	   arteries,	   then	   a	  retrospective	  approach	  may	  be	  preferred44,	  40.	  In	   retrospective	   ECG	   gating,	   image	   acquisition	   is	   triggered	   over	   the	  whole	   length	   of	   one	   or	   more	   cardiac	   cycles36.	   The	   data	   set	   can	   then	  retrospectively	   be	   separated	   out	   into	   different	   phases	   of	   the	   cardiac	  cycle	   (usually	   in	   5-­‐10%	   intervals)	   and	   cardiac	   function	   and	   as	   well	  morphology	  can	  be	  evaluated	  in	  the	  different	  phases	  of	  the	  cardiac	  cycle	  or	   images	   be	   displayed	   to	   show	   the	   beating	   heart	   over	   the	   entire	  cardiac	  cycle	  (Figure	  1).	  As	  these	  retrospectively	  gated	  data	  sets	  contain	  information	   in	   the	   x-­‐,	   y-­‐	   and	   z-­‐	   axis	   (3D)	   of	   the	   patient	   as	   well	   a	  temporal	   component,	   they	   are	   described	   as	   4D	   studies	   and	   require	  specific	  viewing	  software	  to	  display	  the	  time	  dimensional	  component49.	  The	   disadvantage	   of	   retrospective	   gating	   is	   a	   higher	   radiation	   dose	  delivered	   to	   the	   patient	   compared	   to	   prospective	   gating44.	   Newer	  technologies	  allow	  for	  dose	  modulation	  during	  the	  cardiac	  cycle	  where	  the	   regular	  mA	   (200mA)	   is	   used	   during	   the	   end	   diastole	   but	   reduced	  throughout	  the	  remainder	  of	  the	  cardiac	  cycle31,	  50.	  
 
Image	  Contrast	  	  Iodine	   is	   most	   commonly	   used	   as	   intravascular	   contrast	   medium	   in	  cardiothoracic	  CT.	  The	  amount	  of	  iodine	  present	  in	  the	  organ	  or	  vessel	  determines	  the	  attenuation	  value	  depicted	  in	  the	  image29.	  Generally	  the	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magnitude	   of	   intravascular	   contrast	   is	   considered	   adequate	   between	  250-­‐300HU	   but	   this	   remains	   to	   be	   under	   discussion	   especially	   for	  coronary	   imaging	   in	   humans	   as	   attenuation	   >300HU	   may	   obscure	  calcified	  plaques51,	  52.	  Newer	   technologies	   take	   advantage	   of	   the	   predominance	   of	   the	  photoelectric	  effect	  in	  lower	  kVp	  settings	  in	  acquiring	  images	  using	  two	  kVp	   settings	   (commonly	   80/140	   or	   100/140kVp)	   at	   the	   same	   time	  using	  dual	  source	  units	  or	  rapid	  kilovoltage	  switching	   in	  single	  source	  units.	  This	  is	  used	  to	  enable	  material	  decomposition,	  that	  is	  the	  analysis	  of	  scanned	  tissue	  within	  one	  voxel	  based	  on	  the	  different	  interactions	  at	  different	   kilovoltage	   settings	   and	   is	   used	   to	   identify	   calcium	  components,	  which	  can	  be	  important	  in	  coronary	  plaque	  imaging53,	  54.	  Lower	   kVp	   settings	   may	   further	   be	   exploited	   especially	   in	   small	  companion	   animal	   patients	   to	   reduce	   radiation	   dose	   and	   increase	  contrast	  due	  to	  the	  predominance	  of	  the	  photoelectric	  effect.	  	  Where	   the	   HU	   are	   inherent	   to	   the	   acquired	   data	   set,	   spatial	  reconstruction	  kernels	  or	  algorithms	  can	  be	  chosen	  by	  the	  operator	  to	  favor	   the	   display	   of	   certain	   structures	   such	   as	   lung,	   vessels	   or	  parenchyma	   of	   the	   heart.	   These	   reconstruction	   algorithms	   commonly	  have	  vendor	  specific	  intuitive	  names	  such	  as	  “lung”,	  “detail”	  etc29,	  33;	  for	  cardiovascular	  applications	  a	  medium	  frequency	  reconstruction	  kernel	  is	   commonly	   chosen.	   On	   the	   viewing	   station	   the	   display	   can	   then	   be	  further	  adjusted	  by	  setting	  the	  window	  width	  and	  window	  level.	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Contrast	  medium	  administration	  
 
Methodology	  for	  angiographic	  applications	  	  In	   standard	   CT	   applications,	   iodinated	   contrast	   medium	   at	   a	   dose	   of	  600-­‐800mgI/kg	  is	  used	  to	  enhance	  parenchyma	  and	  vessels	  within	  the	  first	  3min	  after	  intravenous	  injection55.	  For	   angiographic	   applications	   iodinated	   contrast	   medium	   is	   used	   to	  opacify	   the	   vascular	   bed	   in	   question	   and	   image	   acquisition	   has	   to	   be	  timed	  with	  bolus	  arrival	  and	  duration	  in	  that	  specific	  vascular	  bed.	  For	  thoracic	   exams	   commonly	   either	   the	   right	   side	   of	   the	   heart	   and	  pulmonary	   arterial	   tree	   or	   the	   left	   side	   of	   the	   heart	   including	   the	  coronary	   arteries	   or	   aorta	   is	   to	   be	   investigated	   in	   separate	   exams.	   In	  human	  medicine,	  a	  newer	  approach	  termed	  ‘triple	  rule	  out’	  exam,	  aims	  to	   investigate	   the	   coronary	   arteries,	   aorta,	   pulmonary	   arteries	   and	  adjacent	   intrathoracic	   structures	   with	   a	   single	   exam	   and	   contrast	  injection	   in	   patients	   with	   acute	   chest	   pain	   but	   the	   usefulness	   of	   this	  approach	  is	  still	  discussed56,	  57.	  The	  bolus	  of	  contrast	  medium	  is	  reportedly	  ideally	  injected	  through	  the	  right	  cephalic	  vein,	  which	  results	  in	  fewer	  artifacts	  compared	  to	  the	  left	  vein	   in	   humans58.	   It	  will	   then	  move	   through	   the	   afferent	   cranial	   vena	  cava	   into	   the	   right	   atrium	  and	  ventricle,	   through	   the	  main	  pulmonary	  artery	   and	   its	   branches,	   capillary	   bed	   and	   return	   through	   the	  pulmonary	   veins	   to	   the	   left	   atrium	   and	   ventricle	   before	   entering	   the	  systemic	   circulation	   in	   the	   first	   pass.	   Even	   though	   a	   defined	   bolus	   is	  injected,	   admixture	   of	   the	   contrast	   medium	   with	   the	   blood	   in	   the	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vascular	   system	  will	   cause	   dilution	   that	   increases	   after	   the	   first	   pass	  and	  flatten	  the	  bolus	  peak	  further	  downstream.	  The	  advancement	  of	  the	  contrast	  bolus	  in	  the	  vascular	  system	  is	  governed	  by	  the	  hemodynamic	  state	   of	   the	   patient	   but	   the	   rapidly	   automatically	   injected	   bolus	   can	  disturb	  the	  given	  hemodynamics	  in	  the	  system	  especially	  in	  the	  venous	  bed	  starting	  at	  the	  injection	  site51. 
 
Factors	  affecting	  contrast	  enhancement	  	  Based	  on	  extensive	  experimental	  work	   in	  animal	  and	  human	  subjects,	  the	   principal	   factors	   affecting	   contrast	   enhancement	   in	   CT	   are	   the	  patient,	  the	  contrast	  medium	  and	  the	  specific	  CT-­‐scan	  parameters51,	  59-­‐63.	  The	  main	  patient	  factors	  to	  consider	  for	  optimal	  contrast	  enhancement	  are	  body	  size	  (weight	  and	  length)	  and	  cardiac	  output	  (circulation	  time).	  Other	   factors	   such	   as	   age,	   gender,	   venous	   access,	   renal	   function	   and	  pathological	   conditions	   such	   as	   hepatic	   cirrhosis	   and	   portal	  hypertension	  have	  been	  investigated	  in	  human	  patients60	  but	  have	  only	  received	  limited	  attention	  in	  companion	  animals20.	  	  Body	   weight	   greatly	   influences	   the	   magnitude	   of	   vascular	   and	  parenchymal	   contrast	   enhancement.	   Using	   a	   fixed	   dose	   of	   contrast	  medium,	   the	   magnitude	   of	   contrast	   enhancement	   will	   decrease	  proportionally	  with	  the	  patient’s	  weight.	  Often	  a	  simple	  linear	  1:1	  scale	  is	   used	   for	   calculation	   of	   the	   dose	   of	   iodine	   given	   for	   a	   certain	   body	  weight	  which	  may	   be	   of	   limited	   accuracy	   specifically	   in	   patients	  with	  obese	   body	   habitus	   as	   the	   body	   fat	   is	   not	   contributing	   to	   dilute	   the	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contrast	   medium	   in	   the	   blood	   pool	   and	   excess	   amount	   of	   contrast	  medium	  may	  be	  given	  in	  obese	  patients51.	  Body	   surface	   area	   as	   used	   in	   chemotherapeutic	   dosing	   in	   people	   and	  companion	  animals	  as	  well	  as	  lean	  body	  weight	  were	  determined	  better	  adjustment	   parameters	   than	   total	   body	   weight	   in	   people	   achieving	  more	   consistent	   contrast	   enhancement	   with	   less	   inter-­‐patient	  variability62.	  The	   cardiovascular	   output	   determines	   the	   circulation	   time	   (how	   fast	  the	   contrast	   bolus	   is	   advanced	   through	   the	   system).	   Time	   of	   contrast	  bolus	   arrival	   (Tarr)	   and	   time	   to	   peak	   enhancement	   (Tpeak)	   in	   all	  organs	   are	   linearly	   correlated	   with	   cardiac	   output.	   Hence	   decreased	  cardiac	   output	   results	   in	   delayed	   contrast	   arrival	   and	   peak	  enhancement	  as	  well	  as	  slower	  clearance	  of	  the	  contrast	  medium	  from	  the	  circulation	  resulting	   in	  a	  need	   to	   individualize	  scan	  delay	   for	  each	  organ	   or	   vascular	   bed	   using	   a	   test	   bolus	   or	   bolus	   tracking	   technique	  (see	  further)	  51,	  64.	  	  Contrast	   medium	   factors	   to	   consider	   are	   injection	   duration	   (contrast	  medium	  volume	  divided	  by	  the	   injection	  rate),	   injection	  rate,	   injection	  bolus	  shaping,	  contrast	  medium	  concentration	  and	  saline	  flush.	  	  
Injection	   duration:	   the	   injection	   duration	   is	   critical	   for	   magnitude	   of	  contrast	   enhancement.	   At	   a	   given	   injection	   rate,	   a	   longer	   injection	  duration	   results	   in	   a	   larger	   contrast	   volume	   and	   larger	   iodine	   dose	  delivered,	   it	   will	   therefore	   increase	   the	   magnitude	   of	   contrast	  enhancement	   proportionally	   to	   injection	   duration51.	   The	   injection	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duration	  is	  the	  most	  important	  factor	  to	  determine	  scan	  timing	  because	  Tpeak	  in	  an	  organ	  or	  vessel	  is	  directly	  related	  to	  the	  injection	  duration:	  increased	   injection	   duration	   will	   delay	   the	   time	   to	   maximum	  enhancement,	   consequentially	   Tpeak	   will	   increase	   and	   a	   longer	   scan	  delay	  may	  have	  to	  be	  applied.	  Prolonged	  injection	  durations	  are	  used	  to	  maintain	  enhancement	  throughout	  the	  entire	  scan	  duration	  and	  can	  be	  used	  when	  a	  larger	  dose	  of	  iodine	  is	  needed	  (i.e.	   large	  patient)	  but	  the	  injection	  rate	  and	  contrast	  medium	  concentration	  cannot	  be	  increased.	  Alternatively,	   shorter	   injection	  duration	  (low	  volume	  or	  high	   injection	  rate)	   will	   result	   in	   earlier	   arterial	   peak	   and	   parenchymal	  enhancement51.	  The	   optimal	   injection	   duration	   is	   determined	   by	   the	   scanning	  conditions	  and	  the	  clinical	  purpose	  of	  the	  exam.	  	  
Injection	   rate:	   When	   increasing	   the	   injection	   rate	   (ml/s)	   with	   fixed	  injection	  duration	  the	  total	  volume	  of	  contrast	  will	  increase	  as	  will	  the	  magnitude	   of	   vascular	   and	   parenchymal	   enhancement.	   Using	   a	   fixed	  volume	   of	   contrast	   and	   increasing	   the	   injection	   rate,	   the	   injection	  duration	  will	  be	  shortened	  as	  well	  as	  the	  time	  to	  peak	  enhancement.51	  High	  injection	  rates	  also	  result	  in	  longer	  intervals	  between	  arterial	  and	  parenchymal	   enhancement	   that	   could	   be	   utilized	   for	   multiphasic	  imaging.	   The	   increased	   injection	   rate	   reduces	   the	   temporal	   window	  available	   for	   CT	   scanning	   and	   precise	   timing	   as	   well	   as	   fast	   image	  acquisition	   provided	   by	   MDCT	   units	   are	   needed.	   High	   injection	   rates	  may	  also	  cause	  retrograde	  reflux	  of	  contrast	  medium	  through	  the	  right	  atrium	  into	  the	  caudal	  vena	  cava	  even	  in	  the	  absence	  of	  cardiac	  disease	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that	   may	   induce	   artifacts.	   Commonly	   used	   injection	   rates	   for	   the	  thoracic	   cardiovascular	   system	   in	   people	   range	   between	   2-­‐5ml/s,	  somewhat	  depending	  on	  catheter	  bore	  size51,	  62,	  64,	  where	  the	  higher	  end	  rates	  may	  not	  be	  applicable	  in	  small	  companion	  animal	  patients.	  
Injection	   bolus	   shaping:	   For	   conventional	   CT	   exams,	   an	   i.v.	   bolus	   of	  100%	  contrast	  medium	  is	  commonly	  	  used,	  applied	  with	  an	  automated	  injector,	   termed	   constant	   or	   uniphasic	   rate	   injection.	   Adjusting	   the	  shape	   of	   the	   bolus	   profile	   can	   be	   achieved	   by	   utilizing	   a	   biphasic	  injection	   rate.	   In	   this	   case	   the	   automated	   injector	   is	   programmed	   to	  deliver	   a	   fast	   followed	   by	   a	   slow	   constant-­‐rate	   injection.	   This	   will	  prolong	  the	  injection	  duration	  without	  increasing	  the	  contrast	  medium	  volume.	  A	  variation	   to	   this	  protocol	   is	   to	  utilize	   two	  different	  contrast	  medium	  concentrations:	  undiluted	  higher	  concentrated	  followed	  by	  the	  injection	  of	   lower	  concentrated	  or	  diluted	  contrast	  medium.	  The	  latter	  is	   commonly	   achieved	   using	   simultaneous	   injection	   of	   saline	   and	  undiluted	  contrast	  from	  a	  dual	  barrel	  automatic	  injector.	  This	  has	  been	  proven	   useful	   in	   cardiac	   CTA,	   improving	   right	   ventricular	   chamber	  enhancement	   and	   reducing	   the	   artifact	   from	   the	   dense	   undiluted	  contrast	  medium	  bolus	  tail	  in	  the	  cranial	  vena	  cava51,	  64.	  The	   intravascular	   bolus	   profile	   will	   also	   be	   differently	   shaped	  depending	  on	   the	  bolus	  design:	   the	  uniphasic-­‐rate	   injection	  will	   cause	  the	  time	  enhancement	  curve	  to	  progressively	  increase	  and	  peak	  shortly	  after	   completion	   of	   the	   injection	   without	   a	   true	   plateau	   phase.	   The	  biphasic	  injection	  on	  the	  other	  hand	  results	  in	  a	  double	  peaked	  arterial	  contrast	  enhancement.	  A	  more	  advanced	  technique	  uses	  a	  multiphasic,	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exponentially	  decelerated	  injection	  to	  further	  improve	  the	  uniformity	  of	  the	  bolus	  profile65.	  
Concentration	   of	   the	   contrast	   medium:	   With	   MDCT,	   high	   iodine	  concentrations	   (>350mgI/ml)	   are	   commonly	  used,	   reflecting	   the	  need	  for	  a	  high	  injection	  rate	  to	  achieve	  good	  arterial	  contrast.	  Using	  a	  fixed	  injection	   volume,	   rate	   and	   duration,	   a	   higher	   concentrated	   contrast	  medium	  will	  result	  in	  a	  higher	  peak	  contrast	  enhancement	  and	  a	  wider	  temporal	  window	  for	  the	  CT	  scan	  at	  a	  given	  enhancement	  level.	  Also,	  it	  may	  allow	  using	  a	  lower	  volume,	  which	  may	  be	  advantageous	  in	  smaller	  patients	   but	   then	   only	   a	   shorter	   temporal	   window	   will	   be	   available.	  Overall,	   lower	   concentrated	   contrast	   media	   have	   however	   lower	  viscosity	   and	   allow	   for	   faster	   injection	   and	  may	   be	   useful	   if	   no	   saline	  flush	  is	  used	  as	  less	  high	  density	  artifact	  may	  result	  from	  the	  tail	  of	  the	  bolus	  in	  the	  cranial	  vena	  cava64.	  	  
Saline	   flush:	   Using	   a	   saline	   flush	   will	   advance	   the	   tail	   of	   the	   injected	  contrast	  medium	  bolus	  into	  the	  central	  blood	  volume	  but	  also	  flush	  the	  contrast	  medium	  out	  of	   the	   injection	   tubing	  and	  peripheral	   veins	   that	  would	  otherwise	  remain	  unused	  or	  cause	  artifact.	  The	  bolus	  geometry	  will	   be	   improved	   as	   the	   bolus	   is	   kept	   ‘tighter’	  with	   less	   dispersion	   of	  intravascular	  contrast	  medium.	  Also,	  increased	  hydration	  of	  the	  patient	  may	   reduce	   contrast-­‐induced	   nephrotoxicity.	   The	   maximal	   contrast	  savings	   are	   equal	   to	   the	   volume	   of	   contrast	   medium	   retained	   in	   the	  injector	  tubing	  (±10ml)	  and	  the	  volume	  that	  remains	  in	  the	  peripheral	  venous	  space	  between	  the	  cephalic	  vein	  and	  cranial	  vena	  cava	  (12-­‐20ml	  in	   humans)	  which	   is	   patient	   size	   dependent.	   Distinct	   values	   have	   not	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been	   established	   in	   companion	   animals	   but	   are	   expected	   to	   be	   at	   the	  lower	  level	  and	  below	  volumes	  reported	  in	  humans	  (estimated	  total	  of	  20-­‐30ml)17,	  64.	  	  A	  practical	   formula	   to	   calculate	   the	  needed	   injection	  volume	   in	  MDCT	  angiography	   is	  given	   in	   the	   following:	  Contrast	  volume	  =	   (scan	   time	  +	  diagnostic	   delay)	   x	   injection	   rate.	   A	   diagnostic	   delay	   or	   time	   to	   peak	  enhancement	   of	   4-­‐6	   seconds	   for	   the	   main	   pulmonary	   artery11,	   5	  seconds	  for	  the	  right	  pulmonary	  artery13	  and	  6-­‐11	  seconds	  for	  the	  base	  of	  the	  aorta	  has	  been	  reported	  in	  dogs11,	  12	  so	  that	  a	  typical	  diagnostic	  of	  4-­‐6	  seconds	  may	  ensure	  sufficient	  contrast	  of	  the	  entire	  vasculature	  of	  interest.	  Nonionic	  contrast	  media	  may	  be	  preferred	  in	  companion	  animals	  based	  on	   the	   lower	   incidence	   of	   adverse	   reactions	   as	   well	   as	   alterations	   in	  hemodynamic	   and	   biochemical	   parameters.66-­‐69	   Where	   as	   an	   iodine	  dose	  of	  600-­‐800mgI/kg	  has	  been	  advised	  companion	  animal	  patients55	  and	   anecdotally	   a	  maximal	   injection	   volume	   of	   60ml	   is	   used	   in	   some	  institutions,	   no	   maximal	   dose	   or	   volume	   limit	   is	   available	   for	  companion	   animals.	   The	   LD50	   for	   intravenous	   injection	   of	   iohexol	   is	  reported	  at	  24.2gI/kg	  in	  mice	  and	  15.0gI/kg	  in	  rats.70	  Individual	  patient	  considerations	  with	  regards	  to	  the	  hemodynamic	  and	  renal	  function	  are	  recommended	   to	   determine	   the	   individual	   maximal	   contrast	   medium	  dose	  and	  volume,	  also	  with	  regards	  to	  possible	  repeat	  injections.	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CT	  scanning	   factors	   such	  as	   scan	  duration,	   scan	  direction,	  multiphasic	  acquisitions	  and	  inherent	  scan	  delays	  play	  a	  significant	  role	  in	  enabling	  to	  acquire	  the	  contrast	  enhanced	  images	  in	  the	  temporal	  window	  given	  by	  the	  bolus	  chosen	  and	  those	  need	  to	  be	  taken	  into	  consideration	  when	  designing	  the	  contrast	  bolus.	  Once	  the	  scan	  field	  is	  determined	  based	  on	  acquired	  localizer	  images,	  the	  scan	  duration	  is	  usually	  displayed	  on	  the	  user	   surface	   and	   the	   injection	   duration	   will	   need	   to	   be	   adjusted	   to	  maintain	  adequate	  enhancement	  during	  the	  scan	  time.	  Usually	  CT	  scans	  are	   acquired	   in	   the	   direction	   analogous	   to	   the	   contrast	   bolus	  propagation,	  exceptions	  are	  made	   in	   longer	  scan	  durations	  given	  with	  low-­‐number-­‐detector-­‐row	   units	   where	   breathing	   motion	   may	   not	   be	  avoided	  such	  as	  in	  pulmonary	  CTA,	  then	  a	  scan	  direction	  from	  caudal	  to	  cranial	  would	  be	  preferable51,	  64.	  	  
Calculation	  of	  the	  arrival	  time	  of	  the	  bolus	  in	  the	  vascular	  bed	  	  The	  arrival	  time	  of	  the	  bolus	  in	  the	  vascular	  bed	  of	  interest	  depends	  on	  the	  individual	  patients’	  circulatory	  time	  as	  discussed	  above.	  Two	  basic	  methods	   are	   used	   to	   individualize	   the	   bolus	   delivery:	   test	   bolus	  injection	  or	  bolus	  tracking	  methods54.	  Both	  measure	  the	  time	  to	  arrival	  (Tarr)	  or	  time	  to	  peak	  enhancement	  (Tpeak)	  over	  a	  preselected	  region	  of	   interest	   chosen	   by	   the	   operator.	   A	   slice	   including	   a	   representative	  vessel	   is	   repetitively	   scanned	   (cine	   scan)	   following	   the	   injection	   of	  contrast	  medium	  and	   contrast	   enhancement	   can	   be	   visually	   traced	   or	  measured	  over	  time	  by	  placing	  a	  region	  of	  interest	  (ROI)	  over	  the	  vessel	  of	  interest.	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For	   the	   test	   bolus	  method,	   a	   small	   bolus,	   in	   companion	   animals	   often	  1/3	  of	  the	  planned	  dose	  for	  the	  diagnostic	  scan	  or	  a	  minimum	  of	  2-­‐4ml	  is	   used	   to	   determine	   Tarr	   and	   Tpeak,	   lower	   doses	   may	   be	   possible.	  Based	   on	   the	   speed	   of	   the	   image	   acquisition	   of	   the	   cine	   scan,	   Tarr	   or	  Tpeak	   can	  be	   calculated	  and	   the	   resulting	   time	  will	   be	  used	  as	   a	   scan	  delay	   for	   diagnostic	   acquisition	   after	   injecting	   the	   full	   bolus.	   The	   test	  bolus	  method	  provides	  additional	  testing	  of	  the	  integrity	  of	  the	  venous	  access	  system.	  If	  a	  very	  short	  injection	  duration	  (<10s)	  is	  used	  the	  test	  bolus	  technique	  may	  be	  more	  appropriate	  as	  there	  may	  not	  be	  sufficient	  time	   for	   the	   bolus	   tracking	   method	   to	   trigger	   the	   scan	   during	   peak	  enhancement.	  	  The	  smaller	  volume	  of	  the	  test	  bolus	  will	  however	  have	  a	  slightly	  different	  bolus	  profile	  than	  the	  larger	  volume	  of	  the	  diagnostic	  bolus51,	  64,	  71.	  For	  the	  bolus	  tracking	  methods	  the	  full	  diagnostic	  bolus	  is	  injected	  and	  either	  manually	   or	   at	   a	   set	   threshold,	   the	   diagnostic	   scan	   is	   triggered	  (Figure	  2).	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  Figure	  2:	   Scan	   timing	   can	   either	   be	  performed	  using	   a	   test	   bolus	   or	   (semi-­‐)	   automated	  bolus	  tracking	  software.	  Below	  the	  contrast	  bolus	  arrival	  is	  shown	  in	  right	  ventricle	  of	  a	  dog	  (0,	  7,	  8s	  after	  contrast	  injection,	  A-­‐C)	  and	  tracking	  of	  the	  respective	  Hounsfield	  units	  over	  the	  cine	  scan	  is	   shown	   in	   the	   diagram	   (D).	   Immediate	   scan	   trigger	   after	   the	   enhancement	   has	   reached	   a	  predefined	   threshold	   value	   (black	   arrow)	  would	   depict	   the	   bolus	   highlighting	   the	   pulmonary	  arterial	   system,	   delaying	   scan	   trigger	   would	   depict	   the	   bolus	   highlighting	   the	   left	   heart	   and	  aorta.	  RV	  =	  Right	  ventricle;	  HU	  =	  Hounsfield	  units.	  Contrast	  bolus:	  15ml	  300mgI/ml	  followed	  by	  5ml	  saline	  flush,	  2ml/s	  at	  325PSI.	  	  	  




 These	   methods	   are	   considered	   more	   efficient	   and	   practical	   than	   the	  test	  bolus	  methods	  by	  some.	  Nevertheless,	  care	  must	  be	  taken	  as	  there	  may	   be	   an	   additional	   inherent	   delay	   of	   a	   few	   seconds	   until	   the	  diagnostic	  scan	  will	  start	  after	  the	  trigger	  button	  is	  pressed.	  This	  relates	  to	   table	   translation	   time	   to	   the	   start	   point	   of	   the	   diagnostic	   scan	   that	  may	  be	  different	  from	  the	  location	  of	  the	  cine	  scan	  or	  might	  be	  inherent	  to	  the	  software64,	  71.	  
 
Digital	  imaging	  software	  	  Evaluating	   thoracic	   cardiovascular	   cross-­‐sectional	   studies	   digital	  imaging	   software	   with	   multiplanar	   (MPR),	   maximum	   intensity	   (MIP)	  and	   3D	   reconstruction	   capability	   is	   helpful	   for	   evaluation	   and	  communication	   of	   the	   complex	   anatomy72.	   Retrospectively	   gated	   4D	  cardiac	   studies	   additionally	   require	   specific	   software	   to	  display	   in	   the	  4th	   dimension	   and	   open	   source49	   as	   well	   as	   commercial	   products	   are	  available.	   Furthermore	   the	   evaluation	   of	   the	   coronary	   arteries	   is	  commonly	   done	   using	   specific	   vessel	   track	   functions	   in	   curved	  multi-­‐planar	  reconstruction	  applications73,	  74.	  
 
Clinical	  considerations	  in	  thoracic	  MDCTA	  protocols	  in	  companion	  
animals	  	  Until	   now,	   the	   gold	   standard	   for	   evaluation	   of	   cardiac	   function	   and	  morphology	   in	   companion	   animals	   has	   been	   echocardiography	   using	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2D,	  3D	  and	  Doppler-­‐examinations.	  3D	  and	  4D	  CT	  studies	  will	   likely	  be	  able	  to	  supply	  global	  anatomical	  and	  functional	  assessment	  of	  the	  heart	  and	  associated	  vessels	  in	  companion	  animals.	  For	   CTA	  purposes	   the	   left	   heart,	   aorta	   and	   coronary	   arteries	  must	   be	  considered	  as	  one	  entity	  due	  to	  their	  circulatory	  proximity;	  the	  same	  is	  true	  for	  the	  right	  heart	  and	  pulmonary	  arterial	  tree.	  Hence	  typically	  the	  exam	   is	   tailored	   to	   evaluate	   either	   the	   pulmonary	   or	   systemic	  circulation.	   For	   evaluation	   of	   both	   the	   the	   left	   (left	   heart,	   aorta,	  coronary	   arteries)	   and	   right	   (right	   heart,	   pulmonary	   arterial	   tree)	  circulations	   three	   phasic	   injection	   protocols	   are	   used	   to	   ensure	  adequate	  opacification	  of	  the	  vessels	  in	  both	  vascular	  beds.	  	  	  Even	   though	   the	   normal	   cardiac	   anatomy	   as	   provided	   from	   MDCT	  exams	  in	  companion	  animals	  has	  not	  been	  described	  (Figure	  3	  and	  4),	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 Figure	   3:	   Multiplanar	   reconstructions	   allow	   viewing	   of	   the	   cardiac	   anatomy	   of	   the	   dog	   in	  different	   planes,	   mimicking	   planes	   currently	   viewed	   in	   echocardiography.	   Sagittal	   three	  chamber	   view	   (A),	   oblique	   transverse	   plane	   2-­‐chamber	   view	   (B)	   and	   dorsal	   plane	   short	   axis	  view	  (C).	  The	  aortic	  and	  mitral	  valve	  leaflets	  can	  be	  seen	  as	  slender	  filling	  defects	  in	  the	  sagittal	  three-­‐chamber	   (thin	   black	   arrows)	   and	   two-­‐chamber	   view	   (large	   black	   arrows)	   respectively.	  The	   papillary	  muscles	   are	   seen	   in	   the	   transverse	   plane	   (white	   arrows).	   A	   three	   dimensional	  
Chapter	  1:	  General	  introduction	  
38	  
	  
volume	  rendered	  image	  (D)	  is	  showing	  the	  left	  atrium	  (LA),	  ventricle	  (LV)	  and	  aorta	  (AO)	  from	  the	  left	  side	  highlighted	  by	  the	  contrast	  bolus,	  a	  lesser	  amount	  of	  contrast	  is	  present	  in	  the	  right	  ventricle	  (RV).	  RPA	  =	  right	  pulmonary	  artery,	  IVS	  =	  interventricular	  septum,	  Lau	  =	  left	  auricle,	  PV	  =	  pulmonary	  veins.	  
 Figure	  4:	  The	  aorta	  and	  its	  branches	  of	  a	  normal	  dog	  viewed	  in	  a	  sagittal	  plane	  three	  chamber	  view.	  The	   aortic	   valves	   (black	   arrows)	   can	  be	   seen	   as	   thin	   filling	  defects	   in	   the	   contrast	   pool	  along	   the	   root	   of	   the	   aorta.	   dAO	   =	   descending	   aorta,	   LS	   =	   left	   subclavian	   artery,	   BT	   =	  brachiocephalic	  trunk,	  RV	  =	  right	  ventricle,	  LV	  =	  left	  ventricle,	  LA	  =	  left	  atrium	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Several	   reports	   focus	   on	   the	   diagnosis	   of	   congenital	   or	   acquired	  cardiovascular	  alterations	  or	  mass	  lesions	  involving	  the	  heart	  using	  this	  modality,	   such	   as	   an	   aberrant	   left	   subclavian	   artery,	   peripheral	  pulmonary	   artery	   stenosis,	   a	   complicated	   persistent	   patent	   ductus	  arteriosus	  or	  tumors	  or	  granulomas	  involving	  the	  heart	  of	  dogs14,	   15,	   19,	  75-­‐77.	  	  At	   this	   time,	   few	   recent	   studies	   are	   evaluating	   the	   use	   of	   MDCT	   for	  functional	   or	   anatomical	   evaluation	   of	   the	   heart	   specifically	   for	   the	  application	  in	  dogs	  in	  an	  experimental	  setting22-­‐24,	  43.	  As	  the	  companion	  animal	   patients	   will	   mostly	   need	   to	   undergo	   anesthesia	   or	   heavy	  sedation	  for	  these	  exams,	  functional	  alterations	  depending	  on	  the	  drug	  regiment	   used	  will	   have	   to	   be	   taken	   into	   consideration.	   In	   one	   study	  using	  10	  beagle	  dogs	  premedication	  with	  levomethadone	  and	  diazepam	  was	   used	   for	   premedication	   followed	   by	   induction	   with	   propofol	   to	  effect	   and	   maintenance	   on	   inhaled	   isoflurane.	   Using	   this	   protocol	   a	  mean	  heart	  rate	  of	  95	  ±	  13.73bpm	  resulted	  in	  blurred	  margins	  in	  7/10	  studies	   that	   hampered	   the	   evaluation	   of	   the	   endocardial	   borders	   in	  dogs	   but	   overall	   the	   image	   quality	   was	   rated	   as	   good43.	   It	   has	   been	  shown	   in	   adult	   humans	   that	   image	   quality	   can	   be	   improved	   by	  pharmaceutical	   reduction	   and	   regulation	   of	   the	  heart	   rate	   using	  beta-­‐blockers	  and/or	  calcium	  channel	  blockers	   for	  cardiac	  exams	  using	  16-­‐	  through	  320-­‐MDCT	  units	   in	   humans,	   targeting	   a	   heart	   of	   less	   than	  65	  beats	  per	  minutes	  (bpm)	  during	  image	  acquisition78-­‐81.	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To	  enhance	  depiction	  of	  small	  vessels,	  vasodilators	  are	  commonly	  given	  in	   adult	   human	   patients	   to	   evaluate	   for	   stenotic	   coronary	   artery	  disease82.	   In	   children	   the	   use	   of	   vasodilators	   is	   usually	   unnecessary	  because	  in	  these	  patients	  the	  examination	  is	  targeted	  to	  the	  evaluation	  of	  the	  coronary	  artery	  origins	  and	  proximal	  coronary	  arteries,	  for	  which	  vasodilation	  may	  not	  be	  necessary27,	  28,24,	  25.	  In	   companion	   animals,	   anatomical	   evaluation	   of	   the	   normal	   coronary	  artery	   branches	   has	   been	   the	   primary	   focus	   using	   64-­‐MDCT	   in	   dogs	  (Figure	  5)12.	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 Figure	  5:	  The	  coronary	  arteries	  are	  depicted	  in	  a	  dorsal	  short	  axis	  plane	  at	  the	  root	  of	  the	  aorta	  using	   a	  maximum	   intensity	   projection	   (MIP)	   in	   a	   dog.	   The	   three	   branches	   of	   the	   left	   and	   the	  single	  branch	  of	  the	  right	  coronary	  artery	  can	  be	  seen	  arising	  from	  the	  aorta	  (Ao)	  in	  the	  regular	  anatomical	  position.	  LXC	  =	  left	  circumflex	  branch,	  LIVP	  =	  left	  interventricular	  paraconal	  branch,	  LS	  =	  left	  sepal	  branch,	  RCa	  =	  right	  coronary	  artery	  
 	  In	   this	   study,	   the	   use	   of	   nitroprusside	   as	   an	   arteriolar	   and	   venous	  dilator	  showed	  no	  significant	  effect	  on	  visualized	  coronary	  artery	  length	  or	   diameter,	   also	   the	   use	   of	   esmolol,	   a	   β-­‐1	   adrenergic	   receptor	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antagonist,	   did	   not	   yield	   successful	   down-­‐regulation	   of	   the	   heart	   rate	  yet	  image	  quality	  was	  rated	  overall	  as	  good	  to	  excellent12.	  Beta-­‐blockers	   are	   commonly	   given	   in	   human	   adult	   and	   pediatric	  patients	  to	  lower	  the	  heart	  rate	  to	  improve	  image	  quality	  especially	  for	  the	  coronary	  arteries27,	  80.	  Coronary	  artery	  depiction	  on	  units	  of	  less	  than	  64-­‐MDCT	  remains	  to	  be	  investigated	   in	   companion	   animal	   patients,	   those	   units	  may	   be	   easier	  accessible	  in	  veterinary	  clinics82,	  83.	  The	  role	  of	  coronary	  arterial	  perfusion	  in	  patients	  with	  cardiomyopathy	  or	   infarcts	   remains	   to	   be	   further	   investigated	   in	   companion	   animals	  using	  MDCT.	  	  In	  humans,	  MDCT	  has	  been	  deemed	  useful	  to	  evaluate	  valvular	  function	  based	   on	   planimetry	   and	   morphology	   especially	   when	   initial	  echocardiography	   yields	   suboptimal	   images84,	   85.	   In	   dogs,	   one	  publication	   describes	   the	   position	   of	   the	   pulmonic	   valve	   but	   without	  functional	  or	  morphological	  evaluation11.	  	  Evaluation	   of	   the	   aorta	   or	   its	   branches	   has	   not	   been	   specifically	  targeted	  using	  MDCTA	  in	  dogs	  but	  several	  case	  reports	  of	  vascular	  ring	  anomalies	  exist14,	  15.	  3D	   or	   4D	   depiction	   of	   the	   heart	   and	   the	   great	   vessels	   will	   likely	   be	  helpful	   for	   surgical	   guidance	   in	   complex	   congenital	   cardiovascular	  anomalies.	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There	   is	   no	   veterinary	   study	   on	   the	   evaluation	   of	   the	   right	   heart	   and	  ventricle	  beyond	  an	  initial	  anatomical	  description11.	  	  Several	  reports	  have	  been	  published	  describing	  the	  technique,	  contrast	  enhancement	  pattern	  as	  well	  as	  pathologies	  for	  pulmonary	  angiography	  in	  dogs	  (Figure	  6).	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Figure	  6:	  Dorsal	  plane	  maximal	  intensity	  projection	  (MIP)	  showing	  the	  pulmonary	  arterial	  and	  venous	  tree	  as	  provided	  in	  a	  triple-­‐rule	  out	  study	  by	  using	  a	  prolonged	  injection	  duration	  in	  a	  dog	  using	  a	  64-­‐MDCT	  unit.	  CrVC	  =	  cranial	  vena	  cava,	  AO	  =	  aorta,	  MPA	  =	  main	  pulmonary	  artery,	  RPA	   =	   right	   pulmonary	   artery,	   LPA	   =	   left	   pulmonary	   artery,	   LA	   =	   left	   atrium	   (very	   dorsal	  aspect),	  RcdPV	  =	  right	  caudal	  pulmonary	  vein,	  LcdPV	  =	  left	  caudal	  pulmonary	  vein.	  
 Pulmonary	  16-­‐MDCTA	  has	  been	  described	  in	  5	  healthy	  beagles	  using	  a	  helical	   pitch	   of	   1.4	   and	   a	   dose	   of	   400mgI/kg	   of	   contrast	   medium	  producing	  good	  to	  excellent	  enhancement	  with	  a	  peak	  enhancement	  at	  8s	  in	  the	  majority	  of	  the	  dogs13.	  In	  another	  canine	  study	  using	  a	  16-­‐MDCT,	  the	  effect	  of	  contrast	  medium	  injection	  duration	  on	  pulmonary	  artery	  peak	  enhancement	  magnitude	  and	   time	   to	   peak	   enhancement	   on	   different	   weight	   groups	   in	   dogs20,	  mirroring	  previously	  performed	  research	  by	  Bae	  et	  al.51.	  This	  study	  also	  concluded	   that	   the	   injection	   duration	   is	   a	   key	   feature	   in	   the	   injection	  protocols	   and	   that	   adjustment	   of	   injection	   duration	   to	   scan	   duration	  appears	  beneficial	  in	  companion	  animals	  that	  commonly	  present	  with	  a	  variety	   of	  weights	   and	   sizes20.	   Pulmonary	   arterial	   anatomy	   as	  well	   as	  the	  effect	  of	  slice	  thickness	  for	  detection	  of	  pulmonary	  artery	  branches	  was	  evaluated	  using	  64-­‐MDCT;	  a	  slice	  thickness	  of	  0.625mm	  allowed	  for	  detection	  of	  significantly	  more	  segments	  than	  larger	  reconstructions11.	  Pulmonary	  MDCTA	  has	  been	  successfully	  used	  in	  experimental	  disease	  settings	  to	  describe	  the	  changes	  associated	  in	  the	  early	  patent	  phase	  of	  dirofilariasis	   in	  one	  dog16	  and	  to	  describe	  pulmonary	  emboli	  observed	  after	  long-­‐term	  administration	  of	  ivermectin	  in	  dogs	  with	  experimental	  heartworm	   infection17.	   A	   case	   report	   describes	   the	   features	   of	  peripheral	  pulmonary	  arterial	  stenosis	  using	  a	  8-­‐MDCT19.	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The	   incidence	   of	   pulmonary	   arterial	   embolism	   following	   different	   hip	  replacement	   techniques	   was	   also	   successfully	   evaluated	   using	  pulmonary	  MDCTA	  in	  dogs18.	  Further	   evaluation	   of	   the	   use	   of	   pulmonary	   MDCT	   angiography	   in	  clinical	  companion	  animals	  with	  clinical	  signs	  suggestive	  of	  pulmonary	  thromboembolism	  is	  desirable.	  	  In	  summary	  the	  application	  of	  MDCT	  will	  likely	  offer	  new	  opportunities	  to	  evaluate	  the	  anatomy	  and	  function	  of	  the	  heart	  and	  associated	  great	  vessels	  as	  well	  as	  the	  pulmonary	  arterial	  system	  in	  companion	  animals,	  yet	   the	  need	   for	  advanced	  CT	  units	  as	  well	  as	   scanner	  software	  might	  limit	   this	   modality	   to	   selected	   institutions	   at	   the	   time.	   While	   first	  reports	  have	  established	  concepts	   in	   image	  acquisition	  and	  evaluation	  for	   pulmonary	   and	   cardiac	   CTA,	   a	   detailed	   review	   of	   the	   pulmonary,	  coronary	   and	   cardiac	   CTA	   anatomy	   with	   respect	   to	   the	   technical	  parameters	   of	   image	   acquisition	   is	   currently	   not	   available.	   For	   the	  evaluation	  of	  the	  pulmonary	  vasculature	  this	  will	  lay	  the	  foundation	  for	  utilizing	   this	   modality	   in	   clinical	   studies	   in	   patients	   with	   suspected	  congenital	  or	  acquired	  anatomical	  alterations	  of	  the	  pulmonary	  arteries	  for	   accurate	   interventional	   treatment	   planning	   and	   follow	   up,	   in	   the	  clinical	   workup	   of	   patients	   with	   suspected	   pulmonary	  thromboembolism.	  The	  evaluation	  of	  the	  coronary	  arteries	  is	  currently	  performed	  only	  very	  limited	  in	  veterinary	  patients	  relying	  on	  depiction	  of	   the	   ostia	   in	   echocardiography	   and	   possible	   fluoroscopic	   two	  dimensional	   localization	   of	   the	   vessels	   in	   cases	   of	   suspected	   aberrant	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coronary	   artery	   anatomy	   or	   post	  mortem	   exams.	   CTA	  will	   likely	   give	  more	  detailed	  and	  global	  diagnostic	  access	  to	  evaluate	  the	  anatomy	  and	  also	   patency	   of	   these	   small	   vessels	   that	   are	   currently	   not	   routinely	  evaluated,	  possibly	  giving	   further	   insight	   also	   the	  etiology	  of	   ischemic	  disease	  for	  example	  in	  cats.	  For	  cardiac	  applications	  including	  the	  great	  vessels	   the	   CTA	   studies	   are	   expected	   to	   provide	   comprehensive	  anatomical	  evaluation	  especially	   in	  patients	  with	  congenital	  anomalies	  with	   need	   for	   surgical	   planning,	   where	   echocardiography	   does	   not	  provide	   the	   global	   overview.	   Similarly,	   patients	  with	   acquired	  disease	  such	   as	  mitral	   valve	   disease	   are	   to	   be	   assessed	   pre	   and	   post	   surgical	  procedures.	  	  In	  addition,	  influence	  of	  drug	  regimens	  used	  for	  sedation	  or	  anesthesia	  on	   cardiac	   rate	   and	   function	   need	   to	   be	   considered	   in	   using	   this	  modality	   for	   functional	   evaluations.	   The	   use	   of	   CTA	   will	   likely	   gain	  importance	   in	  patients	  with	  acquired	  myocardial	  disease	  once	   the	  use	  of	  the	  modality	  is	  further	  established,	  allowing	  for	  accurate	  assessment	  of	  left	  and	  right	  ventricular	  systolic	  function	  as	  well	  as	  providing	  global	  overview	  of	  the	  thoracic	  vascular	  system	  and	  myocardium.	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Standard	   computed	   tomography	   (CT)	   exams	   are	   well	   integrated	   into	  current	   companion	   animal	   care.	   Computed	   tomographic	   angiographic	  (CTA)	  exams	  of	  the	  vascular	  system	  of	  the	  abdomen	  have	  also	  been	  well	  established	   for	   the	   workup	   of	   mainly	   portosystemic	   shunts	   in	  companion	  animals.	  For	   the	  evaluation	  of	   the	   thoracic	  cardiovascular	  system	  veterinarians	  remain	   to	   rely	   on	   the	   combination	   of	   traditional	   modalities	   such	   as	  radiography,	   contrast	   radiographic	   or	   fluoroscopic	   studies	   and	  echocardiography.	  	  	  Thoracic	  CTA	  has	  found	  limited	  implementation	  in	  the	   diagnostic	   workup	   of	   companion	   animals	   to	   date	   but	   will	   likely	  create	   opportunities	   to	   define	   and	   understand	   disease	   processes	   and	  anatomical	  variations,	  enable	  advanced	  treatment	  options	  and	  allow	  for	  translational	   research.	   The	   challenges	   faced	   are	   that	   especially	   the	  heart	   is	   constantly	  moving	   and	   the	   structures	   of	   interest	   such	   as	   the	  coronary	   arteries	   are	   very	   small	   in	   companion	   animal	   patients;	   in	  addition,	   veterinary	   patients	   will	   need	   to	   undergo	   sedation	   or	  anesthesia	   for	   these	   exams.	   Advanced	   CT	   equipment	   allowing	   image	  acquisition	  at	  high	  speed	  and	  resolution	  and	  gated	  to	  the	  cardiac	  cycle	  is	   becoming	   available	   in	   veterinary	   institutions	   and	   evaluation	   of	   the	  feasibility	   and	   capability	   of	   thoracic	   CTA	   in	   companion	   animals	   is	  needed.	  	  The	  general	  aim	  of	  this	  work	  is	  to	  evaluate	  the	  feasibility	  of	  pulmonary	  and	   coronary	   CTA	   as	   well	   as	   functional	   cardiac	   CTA	   in	   dogs	   and	   to	  define	   the	   limitations	   and	   opportunities	   with	   regards	   to	   achievable	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image	   quality,	   also	   in	   light	   of	   anesthetic	   protocols	   and	   comparable	  diagnostic	  modalities	  used	  for	  diagnosis	  of	  cardiac	  disorders.	  	  The	  specific	  aims	  of	  this	  research	  project	  were:	  
• to	   depict	   the	   anatomy	   of	   the	   pulmonary	   and	   coronary	   arteries	  using	  CTA	  	  
• to	   evaluate	   the	   effect	   of	   anesthetic	   protocols	   on	  MDCT-­‐CTA	   of	  the	  coronary	  arteries	  
• to	   evaluate	   the	   effect	   of	   anesthetic	   protocols	   on	   the	  measurement	  of	  cardiac	  parameters	  using	  MDCT-­‐CTA	  
• to	   compare	  MDCT-­‐CTA	  with	   3T	  MRI	   and	   echocardiography	   for	  evaluation	  of	  cardiac	  parameters	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Adjusting	  scan	  delay	  for	  the	  inter-­‐individual	  temporal	  variability	  determined	   from	   test	   bolus	   arrival	   produced	   good	   enhancement	   of	   >	  300HU	  in	  the	  pulmonary	  arteries	  and	  aorta	  in	  all	  dogs.	  Figure	   1	   shows	   volume	   rendered	   images	   allowing	   for	   a	   morphologic	  overview	   of	   the	   anatomic	   relationship	   of	   the	   major	   cardiovascular	  structures.	  




were	   outlined	   faintly	   and	   the	   pulmonic	   bulb	   was	   seen	   distinctly	   on	  0.625mm	   reconstructed	   images,	   whereas	   on	   1.25	   and	   2.5mm	   retro-­‐reconstructions,	  the	  cusps	  are	  indistinct	  or	  not	  visible	  and	  the	  outline	  of	  the	  pulmonic	  bulb	  was	  mild	  to	  very	  indistinct,	  respectively	  (Figure	  2).	  
 Figure	  2:	  Transverse	  View	  of	  Right	  Ventricular	  Outflow	  Tract,	  Main	  Pulmonary	  Artery	  and	   its	  Left	   and	   Right	   Branches	   and	   Comparison	   of	   Three	   Collimation	   Settings.	   Transverse	   plane	  reconstruction	  of	   0.625mm	  (A)	   and	   retro-­‐reconstruction	  of	   1.25mm	   (B),	   and	  2.5mm	   (C)	   slice	  thickness.	  	  The	  main	  pulmonary	  artery	  (MPA,	  *)	  arises	  from	  the	  right	  ventricular	  outflow	  tract	  (RVOT)	  left	  of	  midline	  in	  a	  craniodorsal	  direction	  flanked	  by	  the	  tip	  of	  the	  left	  atrial	  appendage	  (white	  arrow)	  laterally	  and	  the	  ascending	  aorta	  (AO)	  medially.	  Only	  on	  0.625mm	  reconstruction	  the	  fine	  outline	  of	  the	  cusp	  (black	  arrows)	  can	  be	  seen,	  also	  on	  the	  larger	  retro-­‐reconstructions,	  the	   pulmonic	   bulb	   (black	   arrow	   head)	   is	   less	   distinct.	   The	   right	   cranial	   lobar	   artery	   has	   a	  smooth	   dorsoventral	   focal	   narrowing	   (white	   arrowheads)	   as	   it	   passes	   ventral	   to	   the	   trachea	  dorsally	  to	  the	  right	  atrium.	  LPA,	  RPA	  =	  left	  and	  right	  pulmonary	  artery,	  respectively;	  C	  =	  carina;	  dAO	  =	  descending	  aorta;	  RA	  =	  right	  atrium;	  RV	  =	  right	  ventricle;	  CrVC	  =	  cranial	  vena	  cava;	  Br	  =	  brachiocephalic	  trunk;	  CVC	  =	  caudal	  vena	  cava;	  LA	  =	  left	  atrium.	  
 













  Figure	   3:	   Visualization	   of	   Pulmonary	   Artery	   Branches	   and	   Segments	   using	   Three	   Different	  Reconstruction	  Slice	  Thicknesses.	  Pulmonary	  artery	  branches	  (white	  arrows)	   in	  the	  accessory	  lung	   lobe	   on	   0.625mm	   reconstruction	   (A),	   1.25mm	   (B),	   and	   2.5mm	   (C)	   retro-­‐reconstruction	  slice	   thickness.	   At	   0.625mm	   the	   vessel	   margins	   are	   sharp	   whereas	   at	   the	   larger	   retro-­‐reconstruction	  slice	  thicknesses	  vessel	  margins	  are	  mild	  to	  moderately	  blurred	  and	  the	  image	  is	  smoother	  and	  flatter	  due	  to	  partial	  volume	  artifact.	  CVC	  =	  caudal	  vena	  cava;	  E	  =	  esophagus.	  
 The	  range	  of	  detected	  segments	  in	  the	  lobar	  arteries	  was	  12-­‐19	  segments	  on	  0.625mm	  reconstructions,	   8-­‐14	   segments	  on	  1.25mm,	  7-­‐11	   on	   2.5mm	   retro-­‐reconstructions.	   Detailed	   results	   of	   recorded	  segments	  of	  the	  individual	  lobar	  arteries	  are	  given	  in	  Figure	  4.	  	  




between	   1.25	   and	   2.5mm	   retro-­‐reconstructions	   (P	   ≥	   0.05).	   Standard	   error	   for	   the	   estimated	  averages	  of	  visible	  segments	  of	  the	  lobar	  pulmonary	  arteries	  for	  all	  reconstruction	  thicknesses	  was	  0.89	  for	  the	  right	  cranial	  (dors),	  0.58	  for	  the	  right	  cranial	  (vent),	  0.57	  for	  the	  right	  middle,	  0.98	  for	  the	  right	  caudal,	  0.92	  for	  the	  right	  accessory,	  0.74	  for	  the	  left	  cranial	  (Cr),	  1.52	  for	  the	  left	  cranial	  (Cd),	  and	  1.23	  for	  the	  left	  caudal	  lobar	  artery	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CHAPTER 4 	  
64-­‐Multi-­‐Detector	  Computed	  Tomographic	  Angiography	  
of	  the	  Canine	  Coronary	  Arteries	  	  





























As	  part	  of	  the	  post-­‐processing	  of	  data,	  multiple	  data	  sets	  with	  the	  temporal	  reconstruction	  window	  increasing	  in	  10%	  increments	  within	  the	   cardiac	   cycle	   were	   reconstructed,	   centered	   over	   the	   5%	   through	  95%	  interval	  (Figure	  1).	  	  
 Figure	  1:	  For	  Retrospective	  ECG	  Gating	   the	   reconstruction	   Interval,	   also	  called	  reconstruction	  window,	   is	   expressed	   as	   the	   percentage	   of	   the	   R-­‐to-­‐R	   interval.	   Tube	   current	   was	  modulated	  based	  on	  the	  ECG	  during	  the	  R-­‐R	  interval	  (200-­‐750mA).	  	  










Results	  	   64-­‐MDCT	   coronary	   artery	   angiography	   was	   performed	  successfully	   in	   all	   dogs.	   	   Detailed	   results	   for	   vital	   and	   injection	  parameters,	  measurement	  of	  time	  to	  contrast	  medium	  arrival	  from	  the	  test	   bolus,	   and	   intensity	   of	   enhancement	   from	   the	   two	   study	   bolus	   in	  the	  ascending	  aorta	  are	  given	  in	  Table	  1.	  
























 Figure	  2:	  Transverse	  images	  of	  the	  paraconal	  interventricular	  branch	  of	  the	  left	  coronary	  artery	  (LPIV),	   reconstructed	   at	   95%	   (A)	   and	   5%	   (B)	   of	   the	   R	   to	   R	   interval.	   At	   5%	   reconstruction	  interval,	  motion	  artifact	  causes	  the	  false	  display	  of	  two	  vessels	  and	  blur,	  whereas	  only	  mild	  blur	  is	  evident	  using	  the	  95%	  reconstruction	  interval.	  




The	   septal	   branch	   was	   seen	   in	   all	   dogs	   and	   ran	   in	   obliquely	  horizontal	   orientation	   in	   the	   interventricular	   septum	   (LS	   1)	   and	   then	  turned	  perpendicular	   to	   the	   scan	  plane	   to	   continue	  as	   the	  descending	  segment	   (LS	   2).	   In	   three	   of	   the	   four	   dogs	   it	   arose	   from	   the	   most	  proximal	  paraconal	  interventricular	  branch	  of	  the	  LCA	  in	  both	  studies;	  in	  one	  of	  these	  dogs	  a	  separation	  into	  two	  branches	  was	  seen	  at	  the	  mid	  level	   of	   the	   interventricular	   septum	   in	   both	   studies.	   In	   one	   dog,	   two	  septal	   branches	   arose	   from	   the	   medial	   aspect	   of	   the	   paraconal	  interventricular	  branch,	  one	  small	  branch	  from	  the	  proximal	  LIVP,	  and	  one	   larger	   one	   approximately	   1cm	   distal	   to	   its	   origin,	   both	   traveling	  ventromedially	   just	   caudal	   to	   the	   main	   pulmonary	   artery	   into	   the	  interventricular	  septum	  (Figure	  3).	  
	  
 










Figure	   4:	   Circumflex	   Branch	   of	   the	   Left	   Coronary	   Artery	   (LCX):	   Curved	   Multiplanar	  Reconstruction	  (A,	  B)	  and	  Transverse	  Images	  (C,	  D)	  Reconstructed	  at	  85%	  (A,	  C)	  and	  65	  %	  (B,	  D)	   of	   the	   R-­‐to-­‐R	   Interval.	   Reconstruction	   at	   the	   Suboptimal	   Reconstruction	   Interval	   Leads	   to	  Stair-­‐Step	  Artifact	   in	   the	  Plane	  of	   the	  Artery	   (B)	   and	  Motion	   (D).	  Mild	  blur	   is	   evident	   even	  at	  optimal	   reconstruction	   interval	   due	   to	   limits	   in	   resolution,	   but	   this	   does	   not	   impact	   the	  anatomic	  localization	  of	  the	  coronary	  artery	  branch.	  


























































CHAPTER 5 	  
Effect	  of	  two	  different	  anesthetic	  protocols	  on	  64-­‐MDCT	  
coronary	  angiography	  in	  dogs	  	  	  	  Randi	  Drees1,	  Rebecca	  A	   Johnson1,	  Marie	  Pinkerton2,	  Alejandro	  Munoz	  Del	  Rio3,5,	  Jimmy	  H	  Saunders4,	  Christopher	  J	  François5	  	  	  UW-­‐Madison	  VMTH	   1DSS	   and	   2PBS,	   2015	   Linden	  Drive,	  Madison,	  WI	   53706,	  USA;	  	  3UW-­‐Madison	  Department	  of	  Medical	  Physics,	  600	  Highland	  Avenue,	  Madison,	  WI	  53792,	  USA;	  	  4UGent,	   Faculty	   of	   Veterinary	  Medicine,	   Salisburylaan	   133,	   9820	  Merelbeke,	  Belgium;	  5UW-­‐Madison,	  School	  of	  Medicine	  and	  Public	  Health,	  Department	  of	  Radiology,	  600	  Highland	  Avenue,	  Madison,	  WI	  53792,	  USA	  	  
























Material	  and	  methods	  	  




once	   every	  5	  minutes	   immediately	   following	   anesthetic	   induction	   and	  instrumentation	   and	   for	   the	   duration	   of	   the	   anesthetic	   episode.	  Additionally,	   the	  CT	  software	  recorded	  the	  heart	  rate	  during	  the	  short	  period	  of	  angiographic	  image	  acquisition.	  	  
Anesthesia	  protocols:	  Anesthetic	  protocol	  A	  consisted	  of	  premedication	  with	   IV	   fentanyl	   (5μg/kg;	  Fentanyl	   citrate,	  West-­‐Ward,	  Eatontown,	  NJ,	  USA)	  and	  midazolam	  (0.2mg/kg;	  Midazolam,	  Hospira,	  Inc.,	  Lake	  Forest,	  IL,	   USA)	   bolus	   followed	   by	   continuous	   rate	   infusion	   (0.2mg/kg/h	  midazolam	  and	  fentanyl	  10μg/kg/hr.	  Anesthetic	  protocol	  B	  consisted	  of	  IV	   premedication	  with	   dexmedetomidine	   (1μg/kg;	   Dexdomitor,	   Pfizer	  Animal	   Health,	   New	   York,	   NY,	   USA)	   and	   followed	   by	   continuous	   rate	  infusion	   (dexmedetomidine	   1μg/kg/h).	   For	   both	   protocols,	   dogs	  were	  induced	  using	  a	  propofol	  bolus	  to	  effect	  (2-­‐6	  mg/kg	  IV)	  and	  maintained	  with	  isoflurane	  (1-­‐2%	  vaporizer	  setting)	  in	  100%	  oxygen	  administered	  via	   orotracheal	   tube	   in	   addition	   to	   the	   respective	   continuous	   rate	  infusion.	  Intravenous	  crystalloid	  Lactated	  Ringer’s	  Solution	  Solution	  (5-­‐10	   ml/kg/hr;	   Abbott	   Laboratories,	   North	   Chicago,	   IL,	   USA)	   was	   also	  administered	  though	  the	  left	  cephalic	  catheter.	  End-­‐tidal	  carbon	  dioxide	  levels	   were	  maintained	   at	   35-­‐45mmHg	   using	   a	   mechanical	   ventilator	  (SAV	  2550	  Small	  Animal	  Ventilator,	   Smiths	  Medical,	  Dublin,	  OH,	  USA).	  Short-­‐term	   apnea	   was	   induced	   for	   the	   exams	   using	   mechanical	  hyperventilation	   and	   stopping	   ventilator	   activity	   immediately	   before	  initiation	  of	  the	  scan.	  	  




MDCT	   unit	   in	   a	   custom	  made	   V-­‐trough	   in	   dorsal	   recumbency.	   First,	   a	  non-­‐contrast	  exam	  of	   the	  whole	  thorax	  was	  performed	  to	  aid	   localizer	  placement	   for	   the	   following	   semi-­‐automated	   bolus	   tracking	  (SmartPrep®).	  CTA	  was	  performed	   following	   the	   IV	  administration	  of	  15ml	   iodinated	   contrast	   medium	   (Omnipaque	   300,	   NovaPlus	   GE	  Healthcare,	  Princeton,	  NJ,	  USA;	  420mgI/kg)	  and	  5ml	  physiologic	  saline	  flush	   injected	   at	   2ml/s	   and	   325PSI.	   Using	   semi-­‐automated	   bolus	  tracking,	   the	   angiographic	   CT	   scan	   was	   triggered	   when	   the	   contrast	  bolus	   reached	   the	   right	   ventricular	   outflow	   tract,	   as	   a	   5	   second	   scan	  delay	   was	   inherent	   to	   the	   machine	   software	   before	   initiating	   the	  retrospectively	   gated	   scan.	   Helical	   scan	   parameters	   were	   as	   follows:	  80kVp,	  200mA,	  0.35s	  gantry	  rotation	  time,	  40mm	  detector	  collimation	  (0.625mm	   x	   64	   detectors),	   1.25mm	   slice	   thickness	   and	   spiral	   pitch	  factor	  0.24.	  Images	  were	  reconstructed	  at	  0.625mm	  isotropic	  resolution	  using	  a	  standard	  convolution	  kernel	  and	  16cm	  display	  field	  of	  view.	  	  After	   the	   imaging	   procedure,	   the	   dogs	   were	   humanely	   euthanized	  according	   to	   institutional	  protocol	   requirements	  and	  underwent	  gross	  necropsy	  for	  evaluation	  of	  the	  hearts	  and	  macroscopic	  coronary	  artery	  anatomy.	  	  












interventricular	  paraconal	  (LIVP),	  left	  circumflex	  (LCX),	  left	  septal	  (LS)	  branch)	  was	  recorded	  using	  a	  semiautomated	  vessel	  tracking	  function;	  additionally	   the	   diameter	   of	   the	   RCA,	   LCA,	   LIVP,	   LCX	   and	   LS	   was	  measured	  2mm	  distal	  to	  their	  origin.	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CHAPTER 6 	  
Quantitative	  planar	  and	  volumetric	  cardiac	  
measurements	  using	  64	  MDCT	  and	  3T	  MRI	  versus	  
standard	  2D	  and	  M-­‐mode	  echocardiography:	  Does	  
anesthetic	  protocol	  matter?	  	  	  






















Material	  and	  Methods	  	  
Animal	   preparation:	   The	  University	   of	  Wisconsin’s	   Institutional	  Animal	  Care	  and	  Use	  Committee	  approved	  all	  procedures.	  Ten	  purpose-­‐bred	  healthy	  beagle	  dogs	  with	  a	  mean	  age	  of	  10.4	  (range	  7-­‐20)	  months	  and	  mean	   body	  weight	   of	   10.7	   (range	   8.9-­‐12.7)	   kg	  were	   used	   in	   this	  study	   and	   underwent	   awake	   echocardiography	   once	   and	   then	  retrospectively	   ECG-­‐gated	   MDCTA	   and	   MRI	   under	   anesthesia	   on	   two	  different	  days,	  using	  a	  different	  anesthetic	  protocol	  for	  each	  of	  the	  two	  anesthetic	  episodes.	  The	  order	  of	  MDCTA	  and	  MRI	  was	  randomized	  as	  well	   as	   the	   order	   of	   the	   anesthetic	   protocols	   for	   heart	   rate	   regulation	  for	  each	  dog.	  	  A	   20G	   intravenous	   catheter	   was	   placed	   in	   both	   the	   right	   and	   left	  cephalic	  veins;	  the	  left	  was	  used	  for	  anesthesia	  purposes	  and	  the	  right	  for	  contrast	  administration	  in	  all	  dogs.	  Anesthetic	  monitoring	  included	  modality	  specific	  recording	  of	  electrocardiography	  (using	  the	  footpads	  for	   the	   CT	   exam	   and	   the	   chest	   for	   the	   MRI	   exam	   for	   electrode	  placement)	  as	  well	  as	  pulse-­‐oximetry	  to	  monitor	  heart	  rate,	  rhythm	  and	  hemoglobin	  saturation;	  systolic,	  diastolic	  and	  mean	  blood	  pressure	  was	  non-­‐invasively	  monitored	  with	  a	  cardiac	  monitor	  (Cardell®	  Veterinary	  Monitor,	  Model	  9401,	  CAS	  Medical	  Systems,	  Branford,	  CT,	  06405).	  Short	  periods	  of	  apnea	  were	  induced	  by	  mild	  hyperventilation	  and	  halting	  the	  mechanical	  ventilator	  when	  needed	  during	  image	  acquisition.	  




(RLS)	  once,	  prior	  to	  the	  anesthetic	  episodes	  for	  cross-­‐sectional	  imaging.	  The	   following	   variables	   were	   recorded	   using	   M-­‐mode:	   diastolic	   and	  systolic	   interventricular	   septal	   thickness	   (IVSd,	   IVSs),	   left	   ventricular	  internal	   diameter	   (LVIDd,	   LIVDs)	   and	   left	   ventricular	   posterior	   wall	  thickness	   (LVPWd,	   LVPWs).	   Additionally,	   standard	   single	   plane	   2D	  B-­‐mode	   images	   were	   used	   to	   acquire	   measurements	   of	   the	   aortic,	   left	  atrial	  and	  main	  pulmonary	  arterial	  diameter;	   left	  atrium	  to	  aorta	  ratio	  (LA/Ao	   ratio)	   and	   aorta	   to	   pulmonary	   artery	   (Ao/PA	   ratio)	   were	  calculated	  from	  those	  measurements.	  Fractional	  shortening	  (FS	  %)	  was	  calculated	  using	   the	   following	   formula:	  FS	  =	   (LVIDd	  –	  LVIDs)/LVIDd	  x	  100.	   End	   diastolic	   volume	   (EDV),	   end	   systolic	   volume	   (ESV),	   ejection	  fraction	  (EF)	  and	  stroke	  volume	  (SV)	  were	  calculated	  using	  the	  Simpson	  method.34	   Left	   ventricular	   mass	   was	   calculated	   from	   M-­‐mode	  measurements	   using	   the	   following	   formula:	   LVM	   =	   1.04	   x	   [(LVIDd	   +	  LVWd	  +	  IVSd)3	  –	  (LVIDd)3]	  –	  13.6g2.	  	  




10μg/kg/h	  continuous	  rate	  infusion	  (CRI)	  and	  midazolam	  (Midazolam,	  Hospira,	   Inc.,	   Lake	   Forest,	   IL,	   USA)	   0.2mg/kg	   bolus	   followed	   by	  0.2mg/kg/h	   CRI.	   Protocol	   B	   used	   dexmedetomedine	   (Dexdomitor,	  Pfizer	   Animal	   Health,	   New	   York,	   New	   York,	   USA)	   1-­‐2μg/kg	   bolus	   for	  premedication	  and	  1-­‐2μg/kg/h	  CRI.	  
Cardiac	  MDCTA:	  Cardiac	  exams	  were	  performed	  using	  a	  64-­‐MDCT	  unit	  (Discovery	   CT750	   HD,	   General	   Electrics	   Medical	   Systems,	   Waukesha,	  WI,	  USA).	  A	  transverse	  plane	  helical	  exam	  of	  the	  thorax	  was	  performed	  using	   1.25mm	   slice	   thickness	   and	   reconstruction	   interval,	   medium	  frequency	   reconstruction	   kernel,	   80kVp,	   200mA,	   0.35s	   tube	   rotation	  time	   and	   a	   pitch	   of	   0.51,	   followed	   by	   acquisition	   of	   a	   localizer	   image	  over	   the	   right	   ventricular	   outflow	   tract	   and	   the	   aortic	   root.	   Using	   the	  semi-­‐automated	   bolus	   tracking	   function	   a	   retrospectively	   ECG-­‐gated	  cardiac	  MDCTA	  was	  performed	  using	  15ml	  iodinated	  contrast	  medium	  (Omnipaque	  300,	  NovaPlus	  GE	  Healthcare,	  Princeton,	  NJ,	  USA)	  followed	  by	  a	  5ml	  saline	  flush	  administered	  from	  a	  dual	  barrel	  injector	  at	  2ml/s	  and	   325PSI.	   Contrast	   injection	   was	   timed	   to	   mainly	   opacify	   the	   left	  atrium,	   left	   ventricle,	   coronary	   arteries	   and	   thoracic	   aorta.	   Scan	  parameters	  used	  for	  the	  retrospectively	  gated	  scan	  were	  set	  to	  1.25mm	  slice	   thickness,	   0.625mm	   spacing	   between	   slices,	   medium	   frequency	  reconstruction	  algorithm,	  DFOV	  12cm	  centered	  over	   the	  heart,	  80kVp,	  200mA,	  0.35s	  tube	  rotation	  time	  and	  helical	  pitch	  of	  0.24.	  	  




wall,	   as	   placement	   of	   ECG	   leads	   on	   the	   footpads	   using	   non-­‐insulated	  cables	  did	  not	  produce	  an	  ECG	  trace	  when	  the	  dogs	  were	  advanced	  into	  the	   magnet.	   Localizer	   scans	   were	   acquired	   in	   three	   planes.	   Then	   the	  following	   sequences	   were	   acquired:	   ECG-­‐gated	   cine	   transverse	   plane,	  approximate	  three	  chamber,	  approximate	  four	  chamber,	  short	  axis	  cine	  balanced	  steady-­‐state	  free	  precession	  (SSFP;	  TR	  3.3-­‐4.1ms,	  TE	  45ms,	  45	  degree	   flip	   angle,	   224x224	   matrix,	   FOV	   230-­‐310x184-­‐207mm,	   pPOV	  0.6-­‐0.8,	  VPS	  12-­‐18,	  ETL	  1,	  NEX	  1,	  BW	  125,	  6mm	  slice	  thickness).	  After	  the	   last	  cross-­‐sectional	   imaging	  modality	  per	  day	  was	  completed	  the	   animals	   were	   recovered;	   after	   the	   last	   episode	   the	   dogs	   were	  humanely	  euthanized	  according	  to	  institutional	  protocol	  requirements.	  	  	  




Using	  the	  short	  axis	  planes,	  regions	  of	  interest	  were	  semi-­‐automatically	  drawn	   along	   the	   endocardial	   and	   epicardial	   border	   on	   all	   images	  including	   the	   left	   ventricle	   from	   the	   apex	   to	   the	   level	   of	   the	   annulus;	  where	   slices	   with	   greater	   than	   25%	   of	   annulus	   in	   the	   imaging	   plane	  marked	  the	  basal	  border	  of	  the	  ventricle	  included	  in	  the	  evaluation.	  The	  papillary	   muscles	   were	   included	   in	   the	   ventricular	   volume	   for	  consistency	  (Figure	  1).	  





Using	  the	  transverse	  plane	  images,	  semi-­‐automated	  regions	  of	   interest	  were	   also	   placed	   along	   the	   endocardial	   borders	   of	   the	   right	   ventricle,	  where	   the	   tricuspid	   and	  pulmonic	   annulus	  marked	   the	  borders	  of	   the	  ventricular	   volume	   included,	   also	   here	   the	   papillary	   muscles	   were	  included	  with	  the	  ventricular	  volume	  for	  consistency	  (Figure	  2).	  








diastolic	  interventricular	  septal	  wall	  and	  left	  ventricular	  posterior	  wall	  thickness	  as	  well	  as	  the	  internal	  diameter	  of	  the	  left	  ventricle	  (Figure	  3).	  
  





Fractional	   shortening	   (FS	  %)	   was	   calculated	   from	   these	   values	   (FS	   =	  (LVIDd	  –	  LVIDs)/LVIDd	  x	  100).	  The	  approximate	  three	  chamber	  view,	  corresponding	  to	  the	  parasternal	  long	  axis	  view	  used	  in	  echocardiography,	  was	  used	  to	  measure	  the	  end	  systolic	   left	   atrial	   diameter	   and	   aortic	   annulus	   diameter	   just	   prior	   to	  opening	  of	   the	  mitral	  valves	  and	  while	   the	  aortic	  valves	  were	  open	  as	  well	   as	   end	   diastolic	  mitral	   annulus	   diameter	  while	   the	  mitral	   valves	  were	  open	  (Figures	  4	  and	  5).	  





 Figure	   5:	   End	   diastolic	   three-­‐chamber	   view	   generated	   using	   MDCTA	   (A)	   and	   MRI	   (B)	  respectively	   for	   measurement	   of	   the	   mitral	   annulus	   diameter	   measurement	   (double-­‐headed	  black	  arrow).	  Mitral	  valves	  are	  open	  (black	  arrows).	  LA	  =	  left	  atrium;	  LV	  =	  left	  ventricle;	  RV	  =	  right	  ventricle;	  Ao	  =	  aorta.	  
 




 Figure	   6:	   Approximate	   four-­‐chamber	   view	   using	   MDCTA	   (A)	   and	   MRI	   (B)	   for	   repeat	  measurement	  of	  the	  mitral	  annulus	  diameter	  (double-­‐headed	  arrow)	  at	  end	  diastole.	  LA	  =	   left	  atrium;	  LV	  =	  left	  ventricle;	  RV	  =	  right	  ventricle.	  
 




 Figure	  7:	  Transverse	  plane	  view	  using	  MDCTA	  (A)	  and	  MRI	  (B)	  respectively	  for	  measurement	  of	  the	  diameter	  of	  the	  proximal	  aorta	  (Ao,	  double-­‐headed	  arrow)	  and	  the	  main	  pulmonary	  artery	  (MPA,	  double-­‐headed	  arrow).	  RPA	  =	  right	  pulmonary	  artery;	  LPA	  =	  left	  pulmonary	  artery;	  RV	  =	  right	  ventricle.	  	  
 The	   aorta/pulmonary	   artery	   ratio	   (Ao/Pa	   ratio)	  was	   calculated	   from	  these	   measurements	   (Ao/Pa	   =	   base	   of	   the	   aorta	   diameter/main	  pulmonary	  artery	  diameter).	  	  






































IVSd	   =	   diastolic	   interventricular	   septal	   thickness;	   IVSs	   =	   systolic	   interventricular	   septal	  thickness;	   LVIDd	  =	   diastolic	   left	   ventricular	   internal	   diameter,	  measured	   just	   proximal	   to	   the	  papillary	  muscles;	  LVIDs	  =	  systolic	  left	  ventricular	  internal	  diameter,	  measured	  just	  proximal	  to	  the	   papillary	   muscles;	   LVPWd	   =	   diastolic	   left	   ventricular	   posterior	   wall	   thickness;	   LVPWs	   =	  systolic	  left	  ventricular	  posterior	  wall	  thickness;	  FS%	  =	  percent	  fractional	  shortening;	  LA	  diam	  3ch	  =	  left	  atrial	  diameter	  measured	  on	  three	  chamber	  view;	  Mitral	  annulus	  3ch	  =	  mitral	  annulus	  measured	  on	  approximated	  three-­‐chamber	  view;	  Ao	  annulus	  3ch	  =	  aortic	  annulus	  measured	  on	  three-­‐chamber	   view;	   LA/Ao	   ratio	   =	   Left	   atrium	   to	   aorta	   ratio;	   Mitral	   annulus	   4ch	   =	   mitral	  annulus	  measured	   on	   four-­‐chamber	   view;	   prox	  Ao	   =	   Proximal	   aorta	  measured	   on	   transverse	  plane;	   MPA	   =	   main	   pulmonary	   artery	   transverse	   plane;	   Ao/PA	   ratio	   =	   Aorta	   to	   pulmonary	  artery	  ratio.	  *Aortic	  annulus	  measured	  in	  right	  parasternal	  view	  for	  the	  left	  ventricular	  outflow	  tract	   on	   echocardiography;	   †	   MPA	   measured	   in	   right	   parasternal	   short	   axis	   view	   on	  echocardiography	  	  ‡No	   statistically	   significant	   differences	   were	   found	   between	   the	  anesthetic	   protocols	   within	   the	   cross-­‐sectional	   modalities	   using	   the	  paired	  Wilcoxon	  rank	  sum	  test	  (P	  =	  0.292	  for	  LVIDs	  using	  MRI;	  P	  =	  1	  for	  all	   other	   variables).	   The	   cross-­‐sectionally	   acquired	  measurements	   did	  not	   allow	   for	   prediction	   of	   the	   values	   generated	   using	  echocardiography	  in	  the	  awake	  dogs	  (P	  =	  1	  for	  all	  variables).	  


























Figure	   9:	   Graphical	   display	   of	   the	   Bland-­‐Altman	   analysis	   comparing	   the	   right	   ventricular	  volumetric	  measurements	  generated	  using	  MDCTA	  versus	  MRI	  while	  combining	  the	  measures	  for	  the	  two	  different	  anesthetic	  episodes	  per	  modality.	  The	  bias	  is	  given	  by	  the	  center	  horizontal	  line,	   the	   95%	   lower	   and	   upper	   level	   of	   agreement	   are	   indicated	   by	   the	   above	   and	   below	  horizontal	  lines.	  RVEDV:	  Right	  Ventricular	  End	  Diastolic	  Volume	  (ml);	  RVESV:	  Right	  Ventricular	  End	  Systolic	  Volume	  (ml);	  RVSV:	  Right	  Ventricular	  Stroke	  Volume	  (ml);	  RVEF:	  Right	  Ventricular	  Ejection	  Fraction	  (ml).	  Dex	  =	  Anesthetic	  Protocol	  B;	  MidFent	  =	  Anesthetic	  Protocol	  A.	  








LLOA	   =	   lower	   level	   of	   agreement;	   ULOA	   =	   upper	   level	   of	   agreement;	   IVSd	   =	   diastolic	  interventricular	   septal	   thickness;	   IVSs	   =	   systolic	   interventricular	   septal	   thickness;	   LVIDd	   =	  diastolic	   left	   ventricular	   internal	   diameter,	   measured	   just	   proximal	   to	   the	   papillary	  muscles;	  LVIDs	   =	   systolic	   left	   ventricular	   internal	   diameter,	   measured	   just	   proximal	   to	   the	   papillary	  muscles;	   LVPWd	   =	   diastolic	   left	   ventricular	   posterior	   wall	   thickness;	   LVPWs	   =	   systolic	   left	  ventricular	   posterior	  wall	   thickness;	   FS%	  =	  percent	   fractional	   shortening;	   LA	  diam	  3ch	  =	   left	  atrial	   diameter	   measured	   on	   three	   chamber	   view;	   Mitral	   annulus	   3ch	   =	   mitral	   annulus	  measured	  on	  approximated	  three-­‐chamber	  view;	  Ao	  annulus	  3ch	  =	  aortic	  annulus	  measured	  on	  three-­‐chamber	   view;	   LA/Ao	   ratio	   =	   Left	   atrium	   to	   aorta	   ratio;	   Mitral	   annulus	   4ch	   =	   mitral	  annulus	  measured	   on	   four-­‐chamber	   view;	   prox	  Ao	   =	   Proximal	   aorta	  measured	   on	   transverse	  plane;	   MPA	   =	   main	   pulmonary	   artery	   transverse	   plane;	   Ao/PA	   ratio	   =	   Aorta	   to	   pulmonary	  artery	  ratio	  
 









	  Figure	  10:	  Graphical	  display	  of	  the	  Bland-­‐Altman	  analysis	  comparing	  the	  planar	  left	  ventricular	  measurement	  generated	  using	  MDCTA	  (CT)	  versus	  MRI	  (MR)	  when	  combining	  the	  measures	  for	  the	  two	  different	  anesthetic	  episodes	  per	  modality.	  The	  bias	  is	  shown	  by	  the	  central	  horizontal	  line,	   the	  95%	  lower	  and	  upper	   levels	  of	  agreement	  are	  depicted	  as	   the	  horizontal	   lines	  above	  and	  below.	  	  IVSd:	   interventricular	   septum	   thickness	   at	   diastole	   (cm);	   IVSs:	   interventricular	   septum	  thickness	   at	   systole	   (cm);	   LVIDd:	   left	   ventricular	   internal	   diameter	   at	   diastole	   (cm);	   left	  ventricular	  internal	  diameter	  at	  systole	  (cm);	  LVPWd:	  left	  ventricular	  diameter	  at	  diastole	  (cm);	  LVPWs:	  left	  ventricular	  diameter	  at	  systole	  (cm);	  fractShort:	  fractional	  shortening	  (%)	  	  















Figure	  12:	  Graphical	  Display	  using	  Box-­‐Pots	  to	  Compare	  the	  Volumetric	  Measurements	  acquired	  using	   the	   Anesthetic	   Protocol	   and	   Cross-­‐sectional	   Modality	   Combinations	   to	   the	  Echocardiographic	   Results	   Gathered	   from	   the	   Awake	   Animals.	   Adjusted	   P-­‐Values	   for	   all	   five	  exams	  (awake	  echocardiogram,	  anesthesia	  and	  MDCT,	  MRI	  using	  Protocol	  A,	  B)	  	  are	  given	  below	  the	  plots.	  Only	  LVEDV	  using	  MDCTA	  and	  anesthetic	  protocol	  B	  (P	  =	  0.01)	  was	  able	  to	  allow	  for	  measurements	   generated	   using	   awake	   echocardiogram.	   	   LVEDV	   (ml):	   Left	   Ventricular	   End	  Diastolic	  Volume;	  LVESV	  (ml):	  Left	  Ventricular	  End	  Systolic	  Volume;	  LVSV	  (ml):	  Left	  Ventricular	  Stroke	  Volume;	  LVEF	  (%):	  Left	  Ventricular	  Ejection	  Fraction	  AwakeEcho	  =	  Echocardiogram	  performed	  on	  the	  awake	  dogs;	  DexCT	  =	  MDCTA	  using	  Anesthetic	  Protocol	  B;	  DexMR	  =	  MRI	  using	  Anesthetic	  Protocol	  B;	  MidFentCT	  =	  MDCTA	  using	  Anesthetic	  Protocol	   A;	   MidFentMR	   =	   MRI	   using	   Anesthetic	   Protocol	   A.	   Line	   segments	   join	   observations	  obtained	  from	  the	  same	  dog	  as	  imaging	  and	  anesthesia	  protocols	  vary.	  
















Figure	   14:	   Graphical	   display	   using	   Box-­‐Pots	   showing	   comparison	   of	   selected	   planar	  measurements	  generated	  using	  the	  four	  anesthetic	  protocol	  and	  modality	  combinations	  to	  the	  echocardiographic	   results	   gathered	   from	   the	   awake	   animals.	   There	   were	   no	   significant	  differences	  were	  found	  for	  any	  of	  the	  variables	  comparing	  the	  anesthesia	  protocols	  within	  each	  modality	   using	   paired	  Wilcoxon	   testing.	   	   Adjusted	   P-­‐values	   comparing	   all	   five	   exams	   (awake	  anesthesia	   and	   MDCT,	   MRI	   using	   Protocol	   A,	   B)	   are	   given	   below	   the	   plots.	   Prediction	   of	  echocardiographic	  measurements	  using	  the	  cross-­‐sectional	  modalities	  was	  not	  possible	  (P	  =1).	  	  AoDiam3	  (cm):	  Aortic	  diameter	  generated	  on	  the	  three	  chamber	  view	  using	  the	  cross-­‐sectional	  modalities;	   LaDiam3	   (cm):	   left	   atrial	   diameter	   measured	   on	   three	   chamber	   view	   using	   the	  cross-­‐sectional	   modalities;	   PADiam	   (cm):	   pulmonary	   artery	   diameter;	   LaAODiam	   (cm):	   left	  atrium	  (measured	  on	  three	  chamber	  view)	  to	  aorta	  ratio;	  AoPADiam	  (cm):	  aorta	  to	  pulmonary	  artery	  ratio	  AwakeEcho	  =	  echocardiogram	  performed	  on	  the	  awake	  dogs;	  DexCT	  =	  MDCTA	  using	  anesthetic	  protocol	   B;	  DexMR	  =	  MRI	   using	   anesthetic	   protocol	   B;	  MidFentCT	   =	  MDCTA	  using	   anesthetic	  protocol	   A;	   MidFentMR	   =	   MRI	   using	   anesthetic	   protocol	   A.	   Line	   segments	   join	   observations	  obtained	  from	  the	  same	  dog	  as	  imaging	  and	  anesthesia	  protocols	  vary.	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CHAPTER 7 	  




With	   this	   work	   we	   have	   been	   able	   to	   demonstrate	   the	   feasibility	   of	  pulmonary,	  coronary	  and	  cardiac	  CTA	  and	  to	  describe	  achievable	  exam	  quality	  in	  normal	  dogs.	  	  
Pulmonary	  computed	  tomographic	  angiography	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  Cardiovascular	  disorders	  are	  a	  common	  origin	  of	  presentation	  in	  dogs.	  The	   diagnosis	   of	   cardiovascular	   disorders	   relies	  mainly	   on	   traditional	  imaging	   modalities	   (radiography	   or	   echocardiography).	   Until	   now,	  thoracic	   CTA	   has	   found	   limited	   implementation	   in	   the	   diagnostic	  workup	   of	   companion	   animals	   while	   it	   has	   an	   enormous	   diagnostic	  potential.	   Additionally,	   advanced	   CT	   equipment	   allowing	   image	  acquisition	  at	  high	  speed	  and	  resolution	  and	  gated	  to	  the	  cardiac	  cycle	  is	   becoming	   available	   in	   veterinary	   institutions	   and	   evaluation	   of	   the	  feasibility	   and	   capability	   of	   thoracic	   CTA	   in	   companion	   animals	   is	  needed.	  	  	  In	   the	   first	   chapter,	   the	   technical	   and	   practical	   aspects	   of	   thoracic	  cardiovascular	   CTA	   are	   reviewed	   in	   light	   of	   the	   currently	   available	  veterinary	   literature	   and	   future	  opportunities	   given	  utilizing	  MDCT	   in	  companion	   animal	   patients	   with	   suspected	   thoracic	   cardiovascular	  disease.	  
























	  Cardiovasculaire	   aandoeningen	   zijn	   een	  veel	   voorkomende	  oorzaak	  van	  klachten	  bij	  honden.	  Het	  diagnostisch	  proces	  van	  cardiovasculaire	  aandoeningen	   maakt	   vooral	   gebruik	   van	   traditionele	  beeldvormingsmethoden	   zoals	   radiografie	   en	   echografie.	   Tot	   nu	   toe	  werd	  thorax	  computer	  tomografie	  angiografie	  (CTA)	  weinig	  gebruikt	  in	  het	  diagnostisch	  proces	  bij	  gezelschapsdieren,	  terwijl	  dit	  nochtans	  een	  enorm	   diagnostisch	   potentieel	   heeft.	   Bijkomend	   is	   met	   een	  gespecialiseerd	   systeem	   voor	   computer	   tomografie	   (CT)	   zeer	   snelle	  beeldacquisitie	  mogelijk,	  met	   een	   hoge	   resolutie	   en	   connectie	  met	   de	  hartcyclus.	   Deze	   systemen	   zijn	   in	   toenemende	   mate	   beschikbaar	   in	  diergeneeskundige	   instellingen,	   en	   er	   is	   duidelijk	   nood	   aan	   een	  evaluatie	  van	  de	  capaciteiten	  en	  de	  praktische	  haalbaarheid	  van	  thorax	  CTA	   bij	   gezelschapsdieren.	   Dit	   werk	   poogt	   hier	   een	   antwoord	   op	   te	  bieden.	  	  	  In	   het	   eerste	   hoofdstuk	   van	   dit	   doctoraat	   worden	   de	   technische	   en	  praktische	  aspecten	  van	  thoracale	  cardiovasculaire	  CTA	  gekaderd	  in	  de	  beschikbare	   diergeneeskundige	   literatuur.	   Vervolgens	   worden	   de	  toekomstmogelijkheden	  voor	  het	  gebruik	  van	  multi-­‐detector	  computer	  tomografie	   (MDCT)	   toegelicht	  voor	  wat	  betreft	   gezelschapsdieren	  met	  een	  vermoeden	  van	  een	  thoracale	  cardiovasculaire	  aandoening.	  
















bloeddruk	  waren	  merkbaar	  tijdens	  protocol	  B.	  Over	  het	  algemeen	  was	  er	  een	  goede	  overeenkomst	  tussen	  de	  hartvariabelen	  en	  de	  systolische	  functie	   gegenereerd	   door	  MDCTA	   en	  MRI	   onderzoeken.	   Er	  werd	   geen	  significant	   verschil	   gevonden	   bij	   het	   vergelijken	   van	   variabelen	   die	  voorkwamen	   bij	   beide	   protocollen	   binnen	   elke	  modaliteit.	   Systolische	  functionele	   variabelen	   verkregen	   door	   64-­‐MDCTA	   en	   3T	   MRI	   waren	  enkel	  voorspellend	  voor	  het	  linker	  ventriculair	  eind	  diastolisch	  volume	  zoals	  gemeten	  tijdens	  de	  echografie	   in	  wakkere	  toestand	  met	  protocol	  B.	   Voor	   de	   overige	   systolische	   functies	   was	   een	   voorspelling	   van	   de	  resultaten	  van	  de	  echografie	   in	  wakkere	   toestand	  niet	  mogelijk	   (P=1).	  Planaire	   variabelen	   verkregen	   door	   MDCTA	   of	   MRI	   lieten	   geen	  voorspelling	   toe	   van	   de	   corresponderende	   metingen	   die	   gegenereerd	  werden	  bij	  de	  echografie	  in	  wakkere	  toestand	  (P=1).	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   receptive	   to	   the	  veterinarian	  knocking	  at	  his	  door	  and	  helping	  me	   in	   the	   first	  phase	  of	  the	   research	  project.	   Scott	   introduced	  me	   to	  Alex	  Frydrychowicz,	  who	  taught	  me	  to	  navigate	   the	   first	  canine	  coronaries	   I	  had	  ever	  seen	  on	  a	  CTA	   exam	   and	   provided	   essential	   input	   for	   the	   first	   two	   original	  manuscripts;	  writing	  research	  publications	  has	  become	  so	  much	  easier	  utilizing	  the	  wisdom	  I	  have	  gleamed	  from	  him.	  Alejandro	  Munoz	  del	  Rio	  who	   was	   able	   to	   help	   tame	   the	   statistical	   beast	   with	   outstanding	  expertise	   and	   a	   good	   sense	   of	   humor;	   and	   through	   whom	   I	   have	  discovered	   a	   new	   level	   of	   sophistication	   in	   responding	   to	   reviewer	  comments.	  Last	  but	  very	  much	  not	  the	  least	  I	  would	  like	  to	  thank	  Chris	  Francois	   for	  this	  outstanding	  guidance	  and	  input	   in	  the	  main	  stages	  of	  the	  research	  project;	  his	  expertise	  and	  enthusiasm	  are	  unparalleled	  and	  continue	  to	  be	  a	  great	  inspiration	  for	  me.	  I	  would	  also	  like	  to	  thank	  the	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technical	   staff	   at	   WIMR	   for	   their	   assistance	   with	   the	   scans	   over	   the	  years.	  	  At	   the	   School	   of	   Veterinary	   Medicine	   at	   the	   University	   of	  Wisconsin-­‐Madison,	   Becky	   Johnson	   has	   been	   my	   rock	   from	   the	   very	   beginning	  thoughts	   about	   this	   research	   all	   the	   way	   through	   completion	   of	   the	  projects.	  Her	  knowledgeable	  and	  always	  prompt	  and	  efficient	   input	  as	  well	   as	   her	   ‘can	   do’	   attitude	   were	   a	   key	   factor	   in	  making	   any	   of	   this	  possible	  and	  she	  provided	  an	   inspirational	  role	  model	   for	  me.	   I	  would	  like	  to	  thank	  Rebecca	  Stepien	  for	  her	  assistance	  with	  echocardiograms	  and	   critical	   input	   for	   manuscript	   writing.	   Marie	   Pinkerton	   for	   her	  fantastic	   assistance	  with	   the	   gross	   examinations.	  Mary	   Behan,	   Lauren	  Trepanier	   and	   Lisa	   Forrest	   as	   members	   of	   my	   research	   mentoring	  committee	  who	  encouraged	  and	  supported	  me	  to	  carve	  out	  my	  niche	  in	  the	  clinical	  and	  research	  world,	  which	  I	  am	  extremely	  grateful	  for.	  In	  my	  current	  team	  I	  would	  like	  to	  thank	  Richard	  Lam	  and	  Chris	  Lamb	  for	  listening,	  their	  critical	  discussions	  and	  continuous	  inspiration.	  	  I	  would	  like	  to	  provide	  a	  special	  thank	  you	  to	  the	  members	  of	  my	  PhD	  jury	   at	   the	   Faculty	   of	   Veterinary	  Medicine	   at	   the	  University	   of	   Ghent:	  Pascale	   Smets,	   Katrien	   Vanderperren,	   Catherine	   Delesalle	   and	  Ingeborgh	  Polis;	  as	  well	  as	  the	  Virginia	  Luis-­‐Fuentes	  from	  the	  RVC	  and	  Chris	  Francois	   from	  UW	  Madison;	   the	  projects	   seemed	  completed	  and	  manuscripts	  had	  gone	  through	  many	  peer	  review	  rounds;	  yet	  the	  jury’s	  detailed	  review	  and	  constructive	  input	  has	  provided	  the	  opportunity	  to	  give	   this	   work	   the	   final	   polish	   and	   has	   provided	   wonderful	   food	   for	  thought	  for	  possible	  future	  work.	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I	   am	   grateful	   to	   my	   family	   Inge,	   Ulrich,	   Anneke,	   Martje,	   Lasse	   and	  Martin	  for	  encouraging	  and	  supporting	  me	  on	  my	  endeavors	  across	  the	  pond	  and	  channel.	  Also	  my	   friends	   in	  Germany,	   the	  USA,	  England	  and	  across	   the	   world	   who	   provided	   balance	   and	   the	   necessary	   sense	   of	  humor,	  and	  especially	  Jamie	  and	  LC	  for	  their	  company.	  	  As	   this	   chapter	   of	  my	   education	   comes	   to	   a	   close,	  many	  new	  avenues	  have	   opened	   through	   the	   experiences	  made	   and	  more	   so	   through	   the	  inspirational	  people	  I	  met	  and	  continue	  to	  be	  surrounded	  by	  across	  the	  globe,	  leaving	  me	  excited	  for	  new	  endeavors.	  	  Thank	  you	  all.	  	  Randi	  Drees	  	  
